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Introduction 

The problem of gamma-ray lasing attracts attention of many explorers for more than three 
decades [1-3]. Solving this problem will - 

-extend the 'Basic principle of induced boson emission, successfully applied in the optical 
laser physics, to a new class of quantum oscillators, namely, nuclei and antiparticles; 

-open up opportunities for using in modern science and technology a new energy range of 
coherent photons, namely, keV and even MeV; 

-introduce into practice a new type of nuclear reactions, namely, the chain reaction of 
induced radiative transitions. 

I believe that progress in this field will give birth to a new branch of science and technology 
- QUANTUM NUCLEONICS - that should extrapolate quantum electronics and non-linear 
optics into new range of high photon energies and new quantum amplifying media. 

The interest in achieving induced emission of gamma-rays has frequently peaked in the 
intervening years. The very first maximum of efforts arose in the early sixties when preliminary 
treatments were made independently in Russia [4,5] and in the USA [6,7]. The second peak 
arose in 1974. In Russia this peak was initiated by the efforts of a brilliant scientist Professor 
Rem Khokhlov, the Rector of the Moscow State University. Unfortunately this promising 
period ended in 1977, when Khokhlov, an enthusiastic mountain-climber, perished in the 
Pamirs range. 

Today we record a new peak of interest, perhaps the most significant in terms of 
experimental investigations. This period has been marked by the world's first experimental 
approach to one of the most important side of the problem, the pumping of nuclear isomers. 
This has been undertaken by the group of Professor C.B.Collins from the Center for Quantum 
Electronics of the University of Texas at Dallas [8]. 

Gamma-ray lasing is a very diverse interdisciplinary problem involving many independent 
keystone tasks. One may group them into two big main parts: 

Part A: 
Development of the methods for preparing the amplifying media, including the pumping 

isomers by proper nuclear reaction, isotope separation, metastable isomer selection, etc. 

Part B: 
Actualising the efficient nuclear chain reaction of radiative transitions, or in other words, 

gamma-ray lasing. This implies the tasks of raising the gain, exceeding the threshold, 
elimination the line broadening, building up the feedback, etc. 

The greatest positive impact upon feasibility of solving the problems of Part A and the 
whole gamma-ray lasing problem has come from astounding discovery of giant resonances for 
non-coherent pumping isomer nuclei made   by the team of Professor Carl B. Collins (the 
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University of Texas at Dallas) eight years ago [8]. An integrated cross-section exceeding by 
several orders of magnitude the usual value has been found for various long living isomers, for 
instance 180Ta, 178Hf, etc. These unique nuclear transitions are called among Russian scientists 
the Giant Texas Resonances (GTR). 

Just this experimental success opens the gate for moderate breakthrough expectations and 
forces us to analyse the feasibility of solving~the problems of Part B. Consequently in present 
analysis we will pay attention strictly to some aspects of the lasing process itself. Such 
approach radically contrasts to the another experimental task of counting the solitary events of 
stimulated emission of radiative gamma-transitions. The latter type of experiments (if the 
opportunity of strengthening the effect is not evident) is only of methodological interest 
because there is, of course, no necessity to verify the applicability of the general laws of 
stimulated emission of bosons to the nuclear transitions. 

It is well known that two main factors to be increased for attaining the sufficient gamma-ray 
gain are the degree of nuclear state inversion and the ratio of natural radiative linewidth to the 
total linewidth including various homogeneous and unhomogeneous broadenings. The task of 
rising the degree of inversion belongs mainly to the Part A problems. But what about the 
second task, namely the increasing the linewidth ratio? 

Let's recollect that beginning with very first Russian and American proposals, the main 
concepts of stimulating the gamma-ray emission were based on making use of Moessbauer 
transitions in nuclei embedded in solid matrix. The only, but very important merit of this 
approach is the possibility of minimising the spontaneous linewidth down to the natural 
radiative value. At this point it is best to review some well-known facts about such transitions. 
When the temperature of the crystal containing the active nuclei is high compared to the Debye 
temperature, the gamma-transition line is spectrally split into two lines. These are the emission 
line for excited nuclei and the absorption line for unexcited ones. Both lines are 
unhomogeneously broadened by thermal motion and other factors. If the line splitting equal to 
twice the nuclear recoil energy exceeds the unhomogeneous broadening a spectrally local 
inversion of nuclear population may occur, even without the presence of an overall inversion of 
excited nuclei. Therefore gamma-ray gain is positive but small because the ratio of the 
homogeneous (natural) radiative line width to the unhomogeneous width is very small. In the 
low temperature limit the line splitting does not exist and recoilless Moessbauer emission and 
absorption can take place. Then the line width ratio is approximately equal to unity but an 
overall inversion of excited nuclei must be present to achieve gain. Thus the gain is again small 
when the inversion is not sufficiently large or even negative when an inversion is absent. 

The opportunity of Moessbauers's approach must be paid by numerous well known 
complications inherent in general for the solid state that are not surmounted until today. For 
example, an unbroadened Moessbauer's line of natural width can not be realised for isomers 
with too long lifetimes (say, for the lifetime exceeding tens of microseconds) because of crystal 
structure unhomogeneity, as well as another reasons, that grow catastrophically under the 
influence of intense pumping of any kind. From the other side the lifetime needs to be longer to 
reduce the requirements for pumping intensity. So some kind of vicious circle arises. 

Therefore it is of interest to explore in parallel to the well tramped Moessbauer's path various 
bypasses departing from the necessity for solid matrix. All the versions discussed make use of 
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free nuclei especially collected in particle beams of various kinds. So one of the main purpose 
is the overcoming the negative influence of random thermal motion on the photon gain. 

I. Stimulated emission from monokinetized nuclear beam 
with hidden inversion [9-14] 

Spectrallylocal or hidden inversion and the threshold condition in free nuclei populations 

What will happen when an ensemble of free nuclei is cooled? The nuclear recoil 
accompanying any hard-photon radiative process causes the splitting of emission and 
absorption lines. So, if the temperature T of free nuclei is low enough 

kT<E2l2Mc2\n(nJn2) (1) 

it is possible to obtain a local inversion over part of the spectral line without a total excess of 
the concentration of excited nuclei n2 over that of unexcited ones «; (neglecting state 
degeneracy) [9]. Here Mis the mass of nucleus, E - the transition energy, k - the Boltzmann 
constant, c - the speed of light. It should be remarked that optical lasers with spectrally local 
(or hidden) inversion of different origin have long been in use (for instance, semiconductor 
diode lasers). As follows from Eq. (1) a deep inversion can be easily achieved when the 
temperature is less than one Kelvin (T< 1 K). Say, for mass of nuclei of one hundred (Mc = 
100 GeV) and for photon energy equal to E = 10 keV the spectrally local inversion at the 
center of the emission line is achieved at temperature T= .5 K, if the concentration ratio is 
equal to n In = 10", that is by many orders of magnitude lower than the concentration 
required for total inversion. 

Simultaneously the line width decreases drawing nearer to the natural homogeneous value 
and the gain grows. But much more deep cooling down to the submicrokelvin range is needed 
to maximise the growing linewidth ratio and to overcome the threshold 

kT < 2^M[cih\Ao)r I E'tcny (2) 

in other words, to ensure the excess of gain over the photon losses of any kinds (n is the total 
concentration of nuclei, K - the total cross section of the photoeffect and the Compton 
scattering, A©y<A©D - the natural radiative linewidth, Aa>D- the Doppler linewidth) [9]. 

So the beam cooling is the central point of this approach. But fortunately, in fact, there is no 
need to implement truly thermodynamic cooling of the nuclei to lower the negative influence of 
Doppler broadening on the photon gain. Ensuring high monokineticity of nuclei with respect 
to the translational degree of freedom coinciding with the expected direction of the gamma-ray 
flux by any feasible method is quite adequate solution. 

Preparing the monokinetized and dense nuclear beam 



To achieve the monokinetized nuclear beam may mean the use of various known methods 
of laser-light pressure that can provide an effective temperature in the nanokelvin range [15], 
but needed to be improved in order to rise significantly the particle concentration. 

Another combined methods involve an electrical acceleration of ions accompanied by 
optical laser selection of their velocities [16,17]. The laser light plays here the role of 
Maxwell's demon determining the particle velocity, whereas the electric field executes the task 
set by this demon. 

For instance, let's accelerate negative ions with random initial velocities by an external 
electric field. Photodetachment of an electron by the narrow-band laser beam becomes possible 
as result of Doppler effect only when the individual ion velocity reaches a threshold value. 
Resulting neutral atoms continue inertial ballistic motion with this threshold velocity common 
to all the atoms originated from the negative ions. 

In another version atoms with random velocities are ionised by a laser with frequency 
linearly varying in time. Due to Doppler effect ionising befalls at the different moments 
depending on the individual atom velocities. So the ions are accelerated by an external electric 
field during different time intervals. The velocities of all the newly formed ions are almost the 
same for some specified field, that is proportional to the rate of frequency variation and the 
atom's mass. 

But the pure electric methods probably are the simplest ones. When ions are accelerated by 
an electric field the longitudinal velocity spread drops drastically due to the quadratic 
dependence of the kinetic energy on the velocity [9]. The new longitudinal temperature after 
acceleration over the voltage £7 is equal to 

kT =(kTJ2ln2/ 4eU (3) 

where Tß is the initial temperature, and e - the ion charge [9]. For instance, the 100 kV 
acceleration (£7=100 kV) reduces the temperature from TQ =80 K down to 7=1 microkelvin. 
There are of course some limitations in this cooling process caused by the ion-beam space 
charge, the Nyquist noises, the second-order Doppler effect, the intermolecular forces, etc. [9- 
11]. 

Unfortunately the possibility of solving the task of the beam-density enhancement arising in 
parallel to the cooling problem is not evident today. The known useful methods of electron 
optics and laser assisted compression might be complemented by the ballistic focusing of 
neutral particles [9,10]. This method includes the electric field for setting the proper initial 
conditions to the parent negative ions and the optical laser for electron photodetachment to 
neutralise them. Then the neutral atoms with almost unperturbed initial conditions move 
unhindered by Coulomb repulsion along the trajectories coming together and the beam density 
rises. 

For example, let's consider acceleration of the rectilinear fragment of the negative ion 
beam with ring-like cross-section between coaxial cylindrical electrodes. The radial pulsed 
electric field imparts to all the ions the radial velocity component directed toward the axis. 
Than the optical laser beam performs photodetachment of electrons. The subsequent motion of 



neutral atoms toward the axis takes place without any influence of any external fields and 
also without Coulomb repulsion. This ballistic motion is accompanied by concentration 
increase. 

Estimates show an expected density enhancement of 1000. 

"" Total gain over-the whole beam length 

If the lifetime of metastable state is long enough (say, exceeds significantly the microsecond 
range) the beforehand pumping and supplying the excited nuclei from hot zone are possible. In 
this case spontaneous decay of the metastable isomers with the lifetime x<(Ac0y)" limits the 
optimum beam length 

L = urln( n2 / nth) (4) 

where u is the translational velocity of the beam, and nfh - the threshold concentration of n2 that 
follows from Eq. (2) by converting them to an equality . 

The total gain over this length reaches its maximum [9,10] 

Gmax ~ exp[«Äwr(^- - hA -1)] (5) 
nth        nth 

But it should be noted that the long lifetime demands very deep cooling down to 
submicrokelvin value. 

So the whole scenario will require the following sequence of operations: forming a beam of 
metastable isomers and rapid supplying them from the hot pumping zone; deep beam cooling 
and compression; and finally realisation of stimulated gamma-ray emission in prepared cold and 
dense beam. 

Numerical example for hypothetical isomer with the charge of 20, photon energy equal to 
E = 2.5 keV, lifetime oft =1 microsecond monokinetization by acceleration up to the particle 
energy et/=100 keV reduces the temperature from Tg = 4 K down to T = 2.5 nanokelvin; 
positive gain over the beam length L= 180 cm arises when the current density of the parent 
ion beam exceeds 1 A/cm^ taking into account a density enhancement of 1500 [9,10]. 

Another most important version making use of short living states in isomer nuclei excited 
through Giant Texas Resonances (GTR) is a very attractive one because of the opportunity to 
provide intense non-coherent photon pumping almost simultaneously and in parallel to the 
lasing process itself. This significantly lowers the beam-cooling requirements needed for 
drawing nearer to unity the linewidth ratio. For instance, the subnanosecond lifetime demands 
the longitudinal beam "temperature" of millikelvin range and the beam acceleration up to 
hundreds electronvolts. 

Critical number of excited nuclei [Appendix 4] 



Bearing in mind further first experimental tests it is of importance to estimate the critical 
number of excited nuclei which provides the reliable observation of the amplification effect 
superimposed on the spontaneous background [Appendix 4]. This number appears to be 
surprisingly small (approx. 108, concentration being approx. 1014 cm"3 and equivalent ion 
beam current approx. 70 microA) and does not contradict with today experimental 
possibilities for'both mentioned methods of nuclear ensembles monokinetization (electrical 
acceleration of nuclei and cooling by various modern methods using the optical laser light 
pressure). The amplification zone possesses the fiber-like configuration with micrometer cross- 
section diameter which is allowed by diffraction limitations because of the wavelength 
smallness. 

The calculation of the critical number of nuclei is based on the mirror free model of an 
amplification channel taking into account not only the diffraction effects but also the inherent 
photon losses and the process of induced breeding the initial gamma-photons of spontaneous 
origin and the decrease of the concentration of excited nuclei. 

The unexcited nuclei may be more numerous in the nuclear ensembles with hidden 
inversion than the excited ones. This strongly rises the gamma-photon losses in the 
amplification channel caused by the photoeffect and Compton scattering on atom electrons 
and consequently heighten the lasing threshold. We consider the ways to elimination of this 
negative influence using the recoil effect caused by transfer of the pumping photon momentum 
to the excited nucleus which obtain the additional velocity in the direction of pumping flux. 
This results in the Doppler shift between the transition energies and ionisation potentials of 
atoms with excited and unexcited nuclei. The typical relative shift (10"5 ) exceeds significantly 
the thermal spread. Thus this shift can be used for separation of atoms with excited and 
unexcited nuclei by known methods of optical laser ionisation in on two-steps process. Such 
cleansing lowers the gamma-threshold more than by one order of magnitude. 
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n. External ignition of gamma-ray giant-pulse emission 

Elimination of negative influence of random particle motion on the gain making use of 
two-photon stimulated process 

This approach is also based on the elimination of the pernicious influence of random motion 
of free particles, but does not demand any cooling to involve into stimulated emission all the 
particles with randomly distributed individual velocities. It uses all the experience gained in 
two-photon sub-Doppler optical spectroscopy. Excited states suitable for such experiments are 
those for which two-photon transitions are competitive with one-photon decay channels [11- 
14]. 

Let's consider the stimulation of radiative two-quanta transitions in free nuclei by two 
counter propagating external photon beams. It can be seen from the laws of energy and 
momentum conservation that the total energy of both photons emitted in opposite directions is 
given by equation 

n(o)1+co2) = E + noo) — '— (6) 
c     2Mc 

where a>l and a>2 are the photon frequencies, Sen = co^-^ - the frequency detuning, u - the 
longitudinal random velocity of the nucleus. The latter term is due to recoil. Supposing the 
homogeneous line-width Aa>0 to be extremely small (Aa>0 = 0), one can see that the motion of 
the nucleus with arbitrary random velocity does not violate the resonance condition between 
radiation and nuclear transition only if detuning is zero (8co = 0). Thus all the nuclei with 
different random velocities are included in the process of stimulated emission into central mode 
with zero detuning Sco = 0 and a>x = a>2. If we take into account the finite homogeneous line- 
width Aa>0, the total number N0 = clAu»\ of pairs of such modes situated in allowed detuning 
interval 8coA = Aa>0(c/Au) is inversely proportional to the width of velocity distribution function 
Au. 

Therefore the spectral distribution of two-photon emission stimulated by two external 
photon beams propagating in opposite directions features a narrow peak at E/2, which 
corresponds to increased rate of emission fed by all the nuclei independently of their random 
velocities because the frequencies of stimulating beams possess identical Doppler shifts of 
opposite signs. The gain in this narrow spectral band tending to natural linewidth noticeably 
exceeds that in spectral wings where only small fraction of total amount of randomly moving 
nuclei acts in emission process in each given frequency interval. The ratio of corresponding 
gain coefficients approximates the ratio of Doppler width to the natural width being of several 
orders of magnitude [11-14]. 



Two-quanta amplification of counter propagating photon beams 

The stationary two-quanta amplification of two counter propagating photon beams with 
densities / and /* and spectral width Aa>0 within the interval Sa>A is governed by simple rate 
equations with the product of both beam densities at the right sides 

dt- = ß(n2 -njir 
dz 
dl-=ß(n2-n,)lV (7) 
dz 

where b = const [cm4*s]. The terms corresponding to spontaneous and spontaneous- 
stimulated emission and to photon losses are omitted in the case when the product // is high 
enough [12]. 

Eqs. (7) lead to 

?L = ß(n2-nJI(C-I) (8) 
dz 

where the concentration difference is equal to 

«0 
'2      "1        «   ,   7/^        ;■ i   /  7-2 i+Kc -i)/i: 

and 

(9) 

0 = 1 + 1* = Iout + C = Iout + Ilgn = const (10) 

Here /   and I*   are the input densities of external igniting beams, /    and I^t - the output 
ign 

beam densities, n„ - the initial concentration difference when /=/ =0, / - the saturation beam ?      0 $ 

density that depends on the used pumping scheme. 
The result of integration of Eq. (8) is the transcendent equation for the net output 

■* n out ign out ign 

fI-f + I-f^(l + -)r1lnf(^- + lX^-M + VJ+If = ßn()IsL (11) 
Is L M hgn Iign K 

where p - f   /1 ign      * ign ■ 
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FIGURE 1. Normalised net output Ifls versus product bnJL 
(curves 1 - (/. // f = .5, curves 2 - (I. II f = .01) v N ign   s' ' v ign   s' ' 

Its solution presented in Figure 1 shows the ambiguity of dependence of normalised net 
photon output /// on the medium activity (product bnJL): The curves possess the S-like 
form. So one can expect the avalanche-like jumping behaviour of the output intensity 
accompanied by devastating the excited states and emission of giant gamma-ray pulse if the 
initial concentration difference nQ reaches some critical value. 

Of course, the jump process itself is beyond description by stationary solution (11). But the 
enormous value of jump manifests almost full transformation of the energy of inverted states 
into coherent gamma-radiation. The nonlinearity deepens and the output jump grows if the 
ignition asymmetry increases (//»!). 

10 



Non-linear mirror less dynamic feedback due to stimulated two-photon emission 

Such kind of burst generation of coherent gamma-photons is due to the special type of 
dynamic distributed feedback arising in the two-photon emission induced by two counter 
propagating beams. Setting up of this non-linear dynamic feedback with the coupling 
coefficient 

p=j^- = ß(n2-njr (12) 
/ dz 

proceeds in each event of two-photon stimulated emission because all the new photons hit 
perfectly the wanted modes of opposite directions. One can also pay attention to the presence 
of a standing wave (the first feedback symptom) in this process. Such dynamic feedback 
inherent to the two-photon induced emission without any mirrors is important because creation 
of reflecting structures for the gamma-ray range is a very complicated task [12-14]. 

Some remarks on the gain and various kinds of line broadening 

The gain constant b of two-photon emission strongly depends on the level scheme of the 
nucleus due to the resonance denominator (1-2E. IE) , where E. is the energy of the interjacent 
level between the lasing levels. 

If the detuning in the denominator is too small, the stimulated two-photon transition 
degenerates into two independent single-photon transitions in series. Therefore the 
denominator must sufficiently exceed the Doppler width [12] 

(l-2Ei/E)2»2(kT/Mc2)ln2 (13) 

To eliminate the time-of-flight line-broadening and the collision broadening one must 
demand the fulfilment of the following inequalities for the reactor dimensions / and the total 
concentration of nuclei n: 

I» 4lkT /Mc1 (14) 
Acon '0 

n « ( Aco0 / co) 4Mc2 / 2kT (15) 

(<rbeing the collision cross section) [12-14]. 

The second order Doppler broadening must be much smaller than the homogeneous line 

2co(kT /Mc2) «Ao)0 (16) 

width Aco0. 



Actually the Doppler broadening may be caused by random velocities gained by the nuclei 
during the pumping (besides the influence of the thermal motion). For instance, the non- 
coherent X-ray pumping with the photon frequency cop causes additional effective 
"temperature" [12] 

kTeff * (h0)pf I Mc2 < kT (17) 

External two-photon ignition of the nuclear emission of giant gamma-ray pulses 

Thus external ignition of two-quanta radiative process stimulated by the counter 
propagating photon beams triggers the common emission of the giant pulse into wanted mode 
by all the nuclei with different random velocities due to arising of intrinsic dynamic non-linear 
distributed feedback without any reflecting structures. Resulting efficiency of the emission 
process on the whole may be very various depending on the competition of the positive effect 
of eliminating the Doppler line-broadening and the negative influence of turning to the second 
order transition. 

It should be pointed out that unfortunately all the known today gamma-ray sources are not 
up to the mark in the respect of the needed value of the igniting beam intensity even in the 
case of hypothetical "lucky" nucleus that, of course, might not exist at all. Therefore this 
method may be useful only to emit the giant burst of gamma-quanta by the final stage of some 
amplifying chain, for instance, in series with X-ray or gamma-ray laser, relativistic undulator or 
free-electron laser and so on. The new alternative approach of solving the problem of igniting 
source of noncoherent X-rays is discussed in Chapter IV. 



DDL Igniting the burst-like annihilation by external soft photons 
[Appendix 5] 

Triggering stimulated annihilation ofrelativistic electrons and positrons or 
parapositronium atoms 

Antimatter is the perfect source of states with negative temperature [18]. One-photon 
radiative annihilation of free particles is completely forbidden, that manifests an important 
contributory factor for applying the two-photon ignition method described above to emit the 
giant pulse of annihilation radiation. However in contrast with the previous nuclear case the 
elimination of particle-motion effect on the efficiency of stimulated annihilation is not attainable 
because of the complete disappearance of both emitting particles. 

The smallness of the particle masses m leads to another positive point: it is possible to lower 
the requirements to the igniting photon source making use of relativistic motion of small-mass 
particles to transform the photon frequency, beam divergence and beam density [19]. In fact, 
the resonance condition for stimulating of one step of two-photon transition by soft photons 
can be carried out due to Doppler effect, if electrons and positrons or parapositronium atoms 
[20] move along a coincident trajectories with the energy per particle mc y, where y satisfies 

r + (r
2-\y/2=mc2/hcD*gn (18) 

and one of two counter propagating beams of igniting photons with the frequency m    is 
directed opposite to the moving particles. For instance, the particle energy should be equal to 

2 
mcy~ 260 MeV (y ~ 500) when ho)jen = .5 keV. ign 

Simultaneously the beam density of photons acting in the igniting process in the co-ordinate 

system travelling with the particles increases mc I hü)jgn « 1000 times. Besides this almost 

all the radiation from the isotropic igniting source is collected into the wave-vector cone with 
the solid angle 

Aß« y~2 (19) 

around the longitudinal axis of the same travelling co-ordinate system, that is for the same 
6 

example into AQ~ 4.10" steradians. This means, for instance, that the high-temperature laser 
plasma with X-ray brightness 10   photon/cm s.steradian in the frequency band  Aa>/aj=10~ 
[21] builds up in the particle co-ordinate system (^-500) the narrow beam of brightness equal 
to 10   photon/cm .s.steradian. r 

Of course, only one step of two-photon annihilation transition deals with all these positive 
factors. To stimulate the second step the photon energy of counter propagating external 
igniting beam must reach the enormous value equal to 



no)isn = mc2[y + (y2 -1)1/2] = ha>'[y + (y2 - l)1/2f (20) 

6 
(in discussed case coign/ coig = 10 and Hü)ign~.5 GeV).But fortunately in fact there might be 

no need in the second external igniting source because the exactly fitting photon beam arises in 
the moving electron-positron medium due to spontaneous-stimulated radiative annihilation 
caused by first igniting beam [19]. In such radiative transition external field induces only one 
step, whereas the second photon is emitted spontaneously. But these spontaneous photons are 

emitted into narrow frequency band around the mc 1% and narrow wave-vector cone 
around the longitudinal axis opposite to the first igniting beam according to the laws of energy 
and momentum conservation [19]. They play the role of the second counter propagating 
igniting beam. Of course, its intensity is much smaller than that of the first one. This increases 
the ignition asymmetry and consequently deepens the nonlinearity of the whole process, but 
does not eliminate the possibility of the giant-pulse emission. 

Unilateral emission ofGeV-photon giant pulse 

The frequencies of emitted annihilation photons coincide, of course, with the igniting ones. 
So 

«u = av = fr+(r1 -Vl/1]2aoul»col, = «i„ (2i) 

and consequently the energy net output 

2       i\l/2n2 D* 
P = fi«>0Jn=[r+(r-Wzyp (22) 

is strongly asymmetric in spite of the equality of photon net output /=/*. This means that 
almost the whole energy of gamma-ray giant pulse is emitted unilaterally in the direction of 
relativistic particle motion. 

Triggering stimulated three-quanta annihilation 

Triggering the burst-like radiative annihilation is attainable also by ignition of three-quanta 
stimulated process in the relativistic electron-positron beams or in the beam of 
orthopositronium atoms. The conditions are almost similar to mentioned above ones. Emission 
of two photons of summary energy equals in travelling coordinate system to the particle rest 
energy and with coinciding wave-vectors is induced by an external photon flux with 
relativistically shifted Doppler frequency. According to the laws of energy and momentum 
conservation the third photon of the same energy is emitted strictly in the opposite direction. 

Strongly non-linear three-quanta amplification of the counter propagating photon beams of 
different frequencies sets up just like in the previous two-photon case. Integration of pertinent 
system of stationary equations shows the ambiguous dependence of net output on the activity 
parameter including the concentration of inverted states and the amplification length. 

IH 



Just like the two-photon case this leads to the setting up of the non-linear mirrorless 
feedback between counter propagating photon fluxes of different frequencies and to the burst- 
like emission of giant gamma-pulse, when the activity parameter come to the critical value. 
This critical value increases when the ignition asymmetry grows, but only in logarithmic slow 
manner. It is of importance taking into account that igniting emission of photons with the 
energy equal to the particle rest energy is carried out by weak photon-flux of spontaneous- 
stimulated origin. 

It should be noted that the requirements for the particle-beam energy in three-photon case 
are twice as lower compared to the two photon process. 
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IV. Efficient pumping and igniting source of noncoherent X-rays [Appendix 2,3] 

There is no chance to actualise any of considered scenarios without using very efficient 
pumping or igniting source of noncoherent X-rays. So we explore the feasibility of 
constructing such source based on the known process of frequency up-conversion of soft 
photons by scattering on relativistic free electrons replacing the latter by relativistic beam of 
oscillators being in resonance with the incident photons in the co-moving co-ordinate system. 
This results in changing the very small Thomson's scattering cross-section by a resonance one 
and may lead to significant rising the efficiency of the whole process. 

To create the relativistic beam of oscillators the accelerated electrons should be thrown 
through the nonuniform transverse magnetic field formed, for instance, by two parallel currents 
(one use two parallel superconducting wires). 

The calculation [Appendix 2,3] shows that the efficiency of such resonance process is 
approx. 106 time higher than in the usual Thomson's case. The expected brightness may 
exceed that of synchrotron sources by orders of magnitude and typically reaches in nanometer 
range the figures 1029 - 1032 photons per cm.sec.sterad per unit of relative bandwidth. 

Experimental tests of this device would be of practical interest not only for solving the 
Gamma-ray lasing problem but for numerous various scientific and technological applications. 

16 



V. Further R&D (proposals) 

1. Development of experimental set-up for elaboration and test of an efficient X-ray 
source based on put forward concept of frequency up-conversion of an electromagnetic wave 
spontaneously scattered by the relativistic beam of resonant oscillators. This source emitting 
the intense beam of hard photons with extremely high brightness into small solid angle would 
be useful in many diverse branches of modern science and technology including the Gamma- 
ray lasing problem. 

2. Accomplishment of set of experiments aimed at observation and investigation of two- 
quanta stimulated emission of a giant light-pulse ignited in the metastable excited atoms by 
counter propagating external beams of resonant photons. These experiments should serve for 
modelling by the atom transitions in the optical range the concept (put forward and 
theoretically studied in this Project) of two-quanta Gamma-ray lasing in metastable isomers 
(or even in nuclei with completely forbidden one-quanta radiative transitions), and especially 
for investigation of the complicated non-linear generation behaviour of such scheme with 
predicted bistability, emission jumps, and mirrorless dynamic feedback. The eventual results are 
of importance for laser physics in general. 

3. Elaboration of the computer program for search of the optimal nuclear candidate for first 
experiment on Gamma-ray lasing based on proposed scenarios and by means of the Table of 
Isotopes (for instance, the Tables edited by R.B.Firestone and V.S.Shirley from LBNL, Eighth 
Edition). 

4. Experimental development of methods of preparing the deeply monokinetized ("cooled") 
fibber-like nuclear ensembles (atoms and ions in traps and beams) based on modern 

achievements of the particle beam optics and optical laser assisted particle manipulation 
technique. 

5. Elaboration of the draft Project of first laboratory set-up for testing the schemes and 
scenarios of Gamma-ray lasing experiment based on free nuclei concept studied in this Project. 

*** 

And finally we would like to draw attention to important side of the nuclear lasing problem, 
namely, the opportunity of power production. This was pointed out yet in the early proposals 
of 1961 [4]. The notion that the gamma-ray lasing is in effect the nuclear chain reaction was 
reflected by the title of probably the very first research report on the problem "On the 
Possibility of Realisation of Chain Reaction of Induced Radiative Transitions of Excited 
Nuclei" (1961) (Figure 2, also see Reference [5] in [22]). Energy stored in the metastable 
isomers makes approximately the quantity of 50 MJ/g- This is two orders of magnitude lower 
than the energy store of fission fuel, but three orders of magnitude higher than that of chemical 
one. The merits and demerits of such intermediate position define the place of gamma-ray 
nuclear chain reaction in the power production hierarchy. The main and decisive arguments in 
their favour are of course the ecological ones: gamma-ray lasing does not leave the long living 
radioactive waste. 
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Abstract—The method of external ignition of stimulated two-quantum gamma emission of free excited nuclei 
by counterpropagating photon beams is considered. In contrast to one-quantum gamma emission of an ensem- 
ble of nuclei with a Doppler-broadened gain line, in the case under consideration, virtually all nuclei, regard- 
less of their random individual velocities, are involved in the emission of gamma quanta into a selected mode. 
A specific dynamic distributed feedback, which is characteristic of stimulated two-quantum emission only and 
which is established without any reflective structures, is revealed. Because of the nonlinearity of the feedback, 
with a coefficient proportional to the intensity of the photon beam, excitation of nuclei is removed in an ava- 
lanche-like manner, which is accompanied by the emission of a giant pulse of gamma quanta. 

1. INTRODUCTION 

Vain attempts to design a gamma-ray laser using 
Mössbauer phononless transitions in nuclei embedded 
in a matrix of a solid, which have been undertaken dur- 
ing many years (e.g., see [1-4]), cause us to think of 
alternative approaches to this problem. 

In fact, the reason for considering the possibility of 
using phononless nuclear transitions is associated with 
the fact that such transitions provide an opportunity to 
increase the cross section of stimulated emission by 
narrowing the line width of spontaneous emission to its 
limit through eliminating the influence of the thermal 
motion of atoms. In this context, a Mössbauer line with 
a natural radiative width can be considered as an ideal- 
ized situation when the cross section of stimulated 
emission ceases to depend on the matrix element of 
transition and reaches its maximum. 

It is unlikely that such an idealized situation can be 
implemented in practice both because of various 
sources of inhomogeneous broadening of nuclear lines 
in solids, which are difficult to eliminate in operating 
lasers, and because of homogeneous broadening due to 
the presence of other, parallel to radiative transitions, 
channels of relaxation of excited states (primarily 
through inner conversion). In addition, it is impossible 
to implement an ideal situation because the width of the 
lower laser level is finite if this level does not coincide 
with the ground state. 

Therefore, in order to increase the cross section of 
stimulated emission, we should search for the methods 
to achieve the maximum narrowing of the spontaneous 
emission line rather than seek for the conditions when 
a phononless Mössbauer line with a natural width can be 
obtained. Within the framework of such an approach, 
there is no need to place nuclei in a matrix of a solid, 
which considerably complicates the technique [1-4]. 

This brings us to the consideration of free nuclei in 
gases and beams of particles [5-9]. 

The main source of line broadening that is to be 
eliminated in such a situation is a chaotic motion of 
nuclei (including thermal motion). Analysis of the 
required narrowing of a Doppler line corresponding to 
a one-photon transition [5-7] by ensuring a monoki- 
netic motion of nuclei in the longitudinal direction with 
respect to the expected direction of the beam of gamma 
quanta indicates the necessity of lowering the effective 
longitudinal temperature of atoms or ions down to a 
submicrokelvin level, which seems to be not impossi- 
ble to date. However, there exists an alternative method 
that makes it possible to eliminate an adverse effect of 
the chaotic motion of nuclei [8, 9] and that does not 
imply deep cooling. This method is based on a rich 
experience of sub-Doppler two-quantum spectroscopy. 

2. TWO-QUANTUM STIMULATED EMISSION 
IN COUNTERPROPAGATING PHOTON BEAMS 

As it follows from energy and momentum conserva- 
tion in the emission of two photons with exactly oppo- 
site directions of wave vectors, the photon energies äü)J 
and h(t>2 are related to the energy E0 = h<aQ of the quan- 
tum transition by the expression 

&((!)!+ co2) = E0 + hb(ü(u/c) 

-(ft8co)2/(2Mc2), 
0) 

where M is the mass of the emitter, 8co = o^ - co2 is the 
frequency detuning of counterpropagating photons, u is 
the projection of the emitter velocity on the direction of 
"the wave vectors of the first photon, and c is the speed 
of light. 

Let us assume, first, that the homogeneous line 
width A(ö0 of the laser transition is negligibly small 
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(Aco0 = 0). Then, as can be seen from (1), all the emit- 
ters with any individual velocities (a chaotic spread of 
these velocities causes inhomogeneous broadening) are 
involved in the process of emission into the selected 
central mode only when the frequencies of two photons 
resulting from the two-quantum transition exactly coin- 
cide with each other, ^ = a>2 = G>O/2, i.e., 8a> = 0. If 
8co ■*■ 0, only a part of emitters having the velocity u 
determined by (1) contribute to the emission of a cer- 
tain mode with cOj * co2. As is well known, these simple 
facts, which can be reduced to the compensation for the 
first-order Doppler frequency shift for counterpropagat- 
ing beams of photons with equal frequencies, provide the 
basis for the method of sub-Doppler spectroscopy. 

Now, if we take into account that the homogeneous 
line width of the transition Aco0 is finite, then we find 
from (1) that emission involving virtually all emitters 
with arbitrary velocities is possible not only for the cen- 
tral mode with 0^ = 0^ = <o0/2 and 8co = 0 but also for 
a group of modes with 8co * 0. Each mode from this 
group has a homogeneous line width Aco0. The admis- 
sible frequency detuning for this group of modes is 
determined by the requirement that the difference of 
sum frequencies of emitted photons should not exceed 
the homogeneous line width of the transition, 

(°>1 + C°2)max " (G>1 + <Ö2)mi„ * AC00, (2) 

where the extremal values of frequencies correspond to 
the maximum, «„„,, and minimum, w^, values of the 
velocity distribution of emitters with a variance AM = 
"max - "min- Then, in accordance with (1), the admissible 
detuning is given by 

|Sco0| = ACO0(C/AM), (3) 

and the number of modes in such a group is 

N = |8co0|/Aco0 = c/Au > 1. (4) 

In a certain sense, the detuning 8a>0 in (3) can be con- 
sidered as a specific type of inhomogeneous broaden- 
ing that does not exclude the overwhelming majority of 
emitters from the interaction with the field of each 
mode from this group. 

Thus, when we irradiate an inverted ensemble of 
nuclei with two counterpropagating igniting photon 
beams produced by an external source, the spectrum of 
stimulated emission displays a maximum with a 
width on the order of |8co0| (3) around the central fre- 
quency CO! = co2 = co0/2 (with an accuracy up to a small 
shift -Ä(Soo0)2/(2Mc2), which is due to the recoil 
effect). This maximum consists of N modes (4) with a 
homogeneous width Aco0 each and represents the con- 
tribution of virtually all nuclei with all possible veloci- 
ties of chaotic longitudinal motion. Beyond the limits 
of the frequency range determined by (3), this maxi- 
mum is observed against a lower intensity background 
associated with emission of separate groups of nuclei 
that belong to different parts of the nuclear velocity dis- 
tribution. 

Thus, the above-described approach eliminates an 
adverse effect of a nonmonokinetic character of an 
ensemble of free nuclei without a deep cooling of these 
nuclei. Simultaneously, as will be demonstrated below, 
this approach makes it possible to establish an effective 
feedback within the gamma range, where the creation 
of mirrors or some other reflective structures encoun- 
ters considerable difficulties. 

3. AMPLIFICATION 
OF COUNTERPROPAGATING BEAMS 

OF GAMMA QUANTA 

The steady-state amplification of counterpropagat- 
ing beams of gamma quanta that belong to one of iV 
modes (4) in the considered group of modes with flux 
densities / and /* [cm-2 s-1] within the spectral band 
Aco0 is governed by the equations 

dl/dz = ß(n2-ni)II*+yn2(I + \iI*) 

+ \i0O,n2 _ Gnl, 

-dl*/dz = ß(#i2-ni)//* + Y#i2(/* + ii/) 

+ \L0an2-GnI*, 

(5) 

(6) 

where n2 and nx are the concentrations of nuclei in the 
upper and lower levels of the laser transition, respec- 
tively, and n is the total concentration of nuclei. The 
first terms in these equations describe stimulated two- 
quantum emission with a coefficient ß [cm4 s]. The sec- 
ond terms take into account spontaneous-stimulated 
emission of the beams with flux densities / and /* into 
the considered modes with a coefficient y [cm2]. The 
third terms describe purely spontaneous emission into 
the same modes with a coefficient a [s-1]. The last term 
characterizes the total loss of photons from the mode 
with a scattering cross section a [cm2]. The factors |i = 
AQ./4K and |i0 = UA(»0/G)0 specify the fractions of pho- 
tons emitted into a solid angle AQ that covers the 
modes of the beams / and /* and into the band with a 
homogeneous width Aco0, respectively. The longitudi- 
nal coordinate z is chosen in such a manner that z = 0 
coincides with the center of the gain region of length L. 

A positive gain with dl/dz > 0 and -dl*ldz > 0 is 
achieved if 

ß(/i2-/i,)//* 

> (l/2)[an - yn2(l + (!)](/ + /*) - M-oa"2- 
(7) 

Hence, if the intensities of the igniting photon beams 
satisfy the equality I = I* = /, at the input of the gain 
region, we find the following threshold condition of 
ignition: 

_an-Yn20(l + |i) 
7'>/o"      ß^T     • (8) 

Since the factor |X0 is small, we omitted the last term in 
(7), which is responsible for spontaneous emission. 
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The quantity n0 = n20 - nl0 in (8) stands for the initial 
value of the inverted population, and n20 is the concen- 
tration of excited nuclei in the upper level of the laser 
transition in the absence of an igniting photon beam. 

If the beam intensities / and /* are much higher than 

the threshold level determined by (8), so that 77* > 70, 
inequality (7) becomes so strong that we can keep only the 
first terms in (5) and (6). Then, we have d(I + I*)ldz = 0 
and I +1* = /, + IL = const, where IL is the intensity of 
the beams / and 7* at the output of the gain region, i.e., 
at z = L/2 and z = -LI2, respectively. Correspondingly, 
equation (5) is reduced to 

dI/dZ  =   ß(/l2-»l)/(/i + /L-/), (9) 

and the steady-state inverted population difference for 
the laser levels is given by 

«2-«i = 
l + ii*/1: 

(10) 

where the saturation parameter Is depends on the specific 
configuration of levels and the method of pumping. 

4. DYNAMICS OF AMPLIFICATION 
IN A TWO-QUANTUM PROCESS 

Integration of equation (9) with allowance for the sat- 
uration of excessive population (10) yields a transcen- 
dental equation for the pure output intensity IN = IL- It 
emerging from a gain region of length L, 

4M + i + ^ = ßno/,L. (11) 

Figure 1 displays the dependence of IN/IS on the prod- 
uct ßrto/jL found from this equation, with the squared 
ratio (/,//y)2 taken as a parameter of a family of curves. 

Wh 

4- 

*   fck\^\1^^ 

ßi!o/,L 

The specific features of these curves are the lack of one- 
to-one correspondence and a hysteresis character. For a 
sufficiently high ignition intensity, (Z,-//,)2 > 0.025, the 
output intensity IN/IS displays a smooth increase with a 
growth in fynJJL. Note that the growth rate of 7^/7, 
becomes greater with an increase in IJIS. 

An ambiguity in the considered curves that occurs for 
a low intensity of the igniting photon beam, (/j/7,)2 < 
0.025, decreases the growth rate of 7^/7^ in the initial 
section of the dependence. As the argument $nj£. 
reaches its critical value, the output intensity is 
switched to the upper branch of the S-like curve in an 
avalanche manner. This process is accompanied by an 
abrupt devastation of the population (obviously, steady- 
state solutions do not describe this effect), which gives 
rise to the emission of a pulse of gamma photons. 

When ßnoTyL decreases and approaches unstable 
sections of the curves, shown by dashed lines in Fig. 1, 
an evolution of 7^/7^ may be accompanied by a hyster- 
esis with a jump downward. 

The critical value of the product (ßn0/jZ,)cr that cor- 
responds to an avalanche-like jump is determined by 
the condition d(JNIQId($nj£) = °°. With allowance 
for (11), this condition yields 

(ß»o/^)c 1 
(IN/Is)a + I/I, 

(12) 

As can be seen from this relationship, there are no critical 
points for QnJJL < 4 at any value of the parameter 7/7^. 
Provided that ßn</jL > 4, critical points occur for suffi- 
ciently small Ij/Is. Within the most interesting range of 
large avalanche-like jumps, where {^nJJL)^ > 4, we 
can estimate the required intensity of igniting pulses 
assuming that (IN/IS)CI ~ 0 at the lower starting point of 
the jump, 

7/7s = 2/(ßn07sL)c (13) 

Figure. 

Discontinuities and hysteresis in dependences 
shown in Fig. 1 are due to the dynamic distributed feed- 
back, which arises in induced two-quantum emission in 
counterpropagating photon beams. 

5. DYNAMIC DISTRIBUTED FEEDBACK 
One of the most complex problems that arise when 

we analyze the possibility of creating a gamma-ray 
laser is associated with the necessity to implement pos- 
itive feedback for electromagnetic radiation where the 
energy of photons exceeds tens of kiloelectronvolts. 
Proposals to use Bragg reflection in single crystals for 
creating mirrors and establishing distributed feedback 
[1-3,10] have not received acceptance thus far. 

Within the framework of the approach under consider- 
ation, one can also solve the problem of distributed feed- 
back because such a feedback is inherent in stimulated 
two-quantum emission in the field of two counterpropa- 
gating beams of photons with equal frequencies [11]. 
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Such counterpropagating beams produce a standing 
wave in the amplification region (the main attribute of 
a feedback) in the absence of any mirrors or periodic 
scattering structures. Formation of such a standing 
wave does not require any material dynamic grating. 

Indeed, conventional distributed feedback based on 
a stationary periodic scattering structure [11] is charac- 
terized by a nonzero coefficient of coupling p of coun- 
terpropagating waves. This coupling coefficient is 
defined as a variation in the photon flux density dl* in 
the backward wave within length element dz divided by 
the flux density / in the forward wave, 

pdz = mdz. (14) 

In an induced two-quantum process in the field of coun- 
terpropagating waves, the photon flux density in the 
backward wave changes in each event of stimulated 
emission. Because of intrinsic features of induced 
emission, newly created photons are perfectly phase- 
matched and are emitted into an appropriate mode. 
Therefore, according to (9), the nonlinear coefficient of 
dynamic distributed feedback in induced two-photon 
emission is given by 

p = ß(n2-«,)/* (15) 

and increases proportionally to /*. 

6. TRANSITION PROBABILITIES 
AND LINE BROADENING 

The probability of a spontaneous-spontaneous two- 
quantum transition accompanied by emission of one of 
the photons within the spectral interval JcOj near the 
frequency (ax per unit time is 

dW„ = ^/(co.^co,, (16) 

-l 
where Wss = %2y 

1S the inverse lifetime of a nucleus in 
the upper level with respect to a two-quantum radiative 
transition. The line contour of the frequency distribu- 
tion of emitted photons /(cöi) normalized to unity is 
written in terms of an integral over all admissible fre- 
quencies (02 °f tne second quantum and over all emis- 
sion directions of both quanta, 

/(co.) = -^ 
(2TU)J 

- i - i. 

X g(CO0 - ©[ - (O^dQ^dQ.^^ 

i2y /coAVcOo-ffl 

(2%y 
5>n|2] 

VCF,<J2                  J 

(17) 

d£l\dQ.2. 

to, = C0n - 0), 

The Lorentz function g(co0 - a»! - co2) in (17) with a 
frequency bandwidth Aco0, which is equal to the sum of 
the widths of the upper and lower levels, takes into 

account a resonant character of transition. For a pair of 
electrically dipole quanta (El, El) with frequencies a»! 
and co2 and polarization vectors ec and eCT  (cx, G2 = 

1, 2), the matrix element M12 is given by the sum over 
intermediate nuclear states with energies En, 

M12 = 2 
/<l|ea2d|/i)<n|e0id|2) 

I    E2-En-h<o, 

(l|ead|n)(n|eCT2d|2h 

E2-En-h(o2    )' 

(18) 

If the neighboring intermediate level lies between the 
levels involved in the considered 2 —-1 transition and 
has an energy Es = h(as measured relative to the energy 
of the lower level 1, and the energy separation of this 
level from the center of the energy interval correspond- 
ing to the transition under consideration, \ES - E0/2\, is 
much greater than the width of this level, then the 
matrix element (18) is a nonresonant slowly varying 
function within the frequency band centered at (ty = co0/2 
whose spectral width is much less than |cOj - co0/2|. 
Using for these frequencies the estimate 

dQidQi 

(02 = 0)0 - ü>! (19) 

y 3 ) E2
0(l-2E/E0f 

we derive 

3fl6 ^-^fJSl'-S co, CO, 

al(a/X0)
4 

l-2E/E0)
2 

(20) 

;d(ou 

where XQ is the wavelength of radiation with the energy 
of quanta equal to the energy E0 of transition under con- 
sideration, OCQ = e2/(hc) = 1/137 is the fine-structure 
constant, and a = 1.3 x 10~13A1/3 cm is the radius of a 
nucleus where the number of nucleons is equal to A. 
Correspondingly, the coefficient a, which is involved in 
equations (5) and (6) and which describes the contribu- 
tion of spontaneous emission to the modes of counter- 
propagating beams with frequencies close to half the 
transition frequency, is given by 

„     /0^34   al(a/XQ)
4 

a = (27t) -- 
9(1-2E/E0) 

;C0n (21) 

~   It is convenient to define the probability of stimu- 
lated-spontaneous transitions per unit time with the use 

of the Einstein relationship A(co1)/ß(co1) = h(üi /(7t2c3) 
for spectral coefficients of spontaneous emission, A(C0i), 
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and stimulated emission, 5(a>i). Indeed, according to (16), 
the spectral coefficient A^) of spontaneous emission 
is equal to W^ficHi). Then, using the Einstein relation- 
ship, we can derive an expression for the probability of 
stimulated-spontaneous transitions with induced emis- 
sion of photons within the spectral interval d(üx near the 
frequency ©j (corresponding to the wavelength A,j) per 
unit time, 

where M is the mass of the nucleus and T is the temper- 
ature of the gas, and integrate over all possible velocity 
projections of the nucleus. This procedure yields a 
Doppler-broadened line corresponding to the fre- 
quency distribution of emitted photons. 

However, we should note that, if the frequency 
detuning 800 between counterpropagating photon 
beams is not very large, so that 

dWis = (^i/4)WJJ/(to1)/((ö1)^(ö1, (22) 

where /(co^da)! is the flux density of stimulating pho- 
tons within the considered spectral band. Hence, with 
the use of estimate (20), we can find an expression for 
the constant y, which is involved in equations (5) and 
(6) and which includes the contribution of stimulated- 
spontaneous transitions to the modes of counterpropa- 
gating beams with frequencies close to half the transi- 
tion frequency (A-! = 2X0), 

v     ^_N34   ao(flA))4  ^2 Y = (271) -AQ. 
9(l-2E/E0)

2 
(23) 

The probability of stimulated-stimulated transitions 
with induced emission of photons within spectral inter- 
vals d(£>\ and da>2 near the frequencies co, and co2 per 
unit time is given by 

dWn = (k2
l/A)(kl/A)Wssf{(ül) 

X g((ü0 - co, - co2)/(co1)/*(co2)cfco1rfco2, 
(24) 

where /(CO^Cö! and /*(co2)<ico2 are the flux densities of 
stimulating photons. Correspondingly, the constant ß 
of stimulated two-quantum emission, which is involved 
in equations (5) and (6), is written as (Xl = 7^2 = 2XQ) 

= /fay  a0V/Aco0 

To take into account the motion of emitters, we 
should include the Doppler shift of the frequencies CO, 
and co2 in the right-hand side of (17). In particular, the 
Lorentz functions should be replaced by the distribu- 
tion function 

g(co0-ft(5co) /(2Mc ) + Sco(w/c) cOi-co2),   (26) 

which gives the relation between the frequencies of 
counterpropagating quanta emitted by a nucleus with 
the velocity projection on the direction of emission of 
the first quantum equal to u. Next, we should multiply 
the derived expression by the probability that the veloc- 
ity projection of a nucleus falls within the interval from 
u to u + du, 

F(u)d u = (JL) 
1/2 

KlTZkT) 
exp 

Mu \j 
-—— \du, 
2kT) 

(27) 

|8co| < |8co0| = ACO0C/AM = Aco0(Mc /kT) 
1/2 

(28) 

where AM = (kT/M)1'2 is the variance of the nuclear 
velocity corresponding to the distribution function 
(27), we can neglect the Doppler term 8COM/C in the 
argument of the Lorentz function (26) for the over- 
whelming majority of the emitters. 

Provided that, in addition, the term Ä(8co)2/(2Mc2) in 
the argument of the function (26), which describes the 
recoil effect in emission, is much less than the homoge- 
neous width Aco0 of the transition, which is true for the 
detunings that satisfy the inequality 

, 1/2 
|8co| <^ Aco0(2McVfcAcoo)    » (29) 

we can neglect this term as well. 

Comparison of inequalities (28) and (29) shows 
that, if 2kT > hA(O0, which is usually true for nuclear 
transitions, the Lorentz function (26) for a moving 
nucleus can be replaced by the Lorentz function for a 
motionless nucleus. Then, the integration over all pos- 
sible velocity projections u is reduced to the integration 
of F(u) defined by (27), which yields unity. This 
implies that stimulated emission into a group of modes 
within the band (28) near the central frequency co0/2 
involves virtually all nuclei in the gas. As a result, the 
spectrum of stimulated emission features a maximum 
with a width on the order of |8co0| = Aco0c/Aw near the 
central frequency co0/2. 

Note also that, for the overwhelming majority of 
nuclei in a gas, the Doppler shift of frequencies of emit- 
ted quanta should not exceed the frequency separation 
from the neighboring intermediate level. Otherwise, in 
analyzing the motion of nuclei, we should take into 
account resonant denominators in the matrix element 
M12 (18), and the estimate (20) and, consequently, for- 
mulas (21), (23), and (25) become inapplicable. In 
addition, what is even more important, in the case of an 
exact resonance, stimulated two-quantum transitions 
do not offer the above-considered advantages any 
longer because such transitions occur through two 
sequential cascade single-quantum transitions 2 —»• s 
and s —»- 1. Thus, although it is desirable to ensure a 
small denominator in the expression for the constant ß 
of stimulated two-quantum emission (25), the detuning 
from the exact resonance should be limited by a value 
that is considerably greater than half the Doppler width 
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of the line corresponding to a single-quantum cascade 
transition. transition, 

(1 -2E/E0)
2 > 2(kT/Mc2)ln2 

= 1.2xl(T13(7YA). 
(30) 

To be able to neglect the components of homogeneous 
broadening due to a finite transit time and collisions, we 
should require that the inverse transit time (At)'1 of nuclei 
through the amplification region and the inverse time 
interval between collisions should be small, (A*)-1 < ACQQ. 
These requirements impose restrictions on the size of 
the amplification region and the total concentration of 
nuclei n, 

L > w/AcOo = (c/Aco0)(3itr/Mc ) 
1/2 

(3D 
1/2 

n < Acoo/(0gw) = (Aco0/cag)(Mc /3kT)    ,    (32) 

where u = (3kT/M)m is the root-mean-square velocity 
of the thermal motion of nuclei and ag is the gas-kinetic 
cross section. 

Finally, the second-order Doppler broadening, 
which is inevitable in a two-quantum process, should 
be less than the homogeneous width, 

Acoo} = (ü0(kT/Mc2) < Aco0. (33) 

Along with the thermal motion of nuclei, Doppler 
broadening may be due to the scatter in velocities 
acquired by nuclei in the process of laser pumping if the 
time is too short for the thermalization of nuclei to 
occur. Specifically, being isotropically pumped with an 
incoherent source of gamma photons with an energy 
hmp, a nucleus acquires a momentum h(Op/c of an 
absorbed quantum. The maximum possible velocity 
difference is equal to twice the acquired velocity, 
2c{h<apIMc2), which gives an estimate for the corre- 
sponding effective temperature: 

kTe{f~(hap)
2/(Mc2). 

7. NUMERICAL ESTIMATES 

(34) 

In this section, we present estimates for a hypothet- 
ical "fortunate" nucleus with A = 150 and an intermedi- 
ate level s lying between the levels involved in the laser 
transition with a detuning 11 - 2ES/E0\ = 2 x 10"6. Then, 
at T= 300 K, inequality (30) would be satisfied even if 
the right-hand side of this equality were larger by a factor 
of ten. For such a detuning, expressions (23) and (25) 
give the following estimate for the constant of stimulated 
emission: ß = (2.3 x 10"40 cm4)/Aco0. For £0 = 105 eV, the 
constant of spontaneous-stimulated emission is esti- 
mated as Y = 2.4 x 10-22 cm2. 

In accordance with (8), the threshold spectral flux 
density of igniting photons can be estimated as I0/A(O0 = 
3 x 1018 cm-2, where we assumed that n20 = 0.8n and 

zip = 0.6n and took into account that the scattering of 
gamma quanta with an energy of about 50 keV mainly 
occurs through photoionization of atoms with the scat- 
tering cross section a = 6 x 10-22 cm2. 

With allowance for (13), the requirement 7, > 70 (8) 
yields (n^cr < 3 x 1021 cm-2. This inequality can be sat- 
isfied, for example, with nQ = 1017 cm-3 and L = 200 m. 
For <jg = 10"16 cm2, restrictions (31) and (32) give L > 
(2.2 x 104 cm S-^/ACOQ and n < (4.5 x 1011 cm"3 s)Ao)0. 
These inequalities do not contradict the chosen values 
of the inverted population n0 (the concentration of 
nuclei in this case is n = n0/0.6 = 1.7 x 1017 cm-3) and 
the size L of the amplification region if the emission 
bandwidth meets the condition A©0 > 108 s_1. The 
restriction (33) on the magnitude of the second-order 

Doppler effect is reduced to the inequality Acojj = 2 x 

107 s_1 < Aoo0. An estimate of the effective heating by 
pumping in accordance with (34) yields T = 10 K, 
which is much lower than the temperature of the 
medium, T= 300 K. 

According to (13), the critical spectral density of 
the photon flux in the igniting beams is estimated as 
7,/AG)O = 4.3 x 1018 cm"2. 

Finally, let us compare the estimated spectral den- 
sity of the photon flux in the igniting beams with the 
capabilities of the available sources of gamma radia- 
tion. The spectral density of the photon flux in synchro- 
tron radiation (within a solid angle of 10-5 sr) is esti- 
mated as approximately 10 cm-2 [12], which is many 
orders of magnitude lower than the required value of 
7,/Aco0. Although X-ray lasers ensure a higher spectral 
density of the photon flux, about 1015 cm-2 [12], such a 
spectral density of the photon flux is lower than the 
required one by three orders of magnitude. In addition, 
the pulse duration of radiation produced by X-ray 
lasers is not sufficient to ensure ignition. 

8. STIMULATION OF GAMMA EMISSION 
FROM NUCLEI AS A METHOD 

OF ECOLOGICALLY SAFE POWER 
PRODUCTION 

The horizons of using stimulated radiative processes 
in nuclei for power production were discussed already 
in the pioneering proposals on gamma-ray lasers. Spe- 
cifically, creating a nuclear reactor that can be used as 
a source of energy both in the pulse and continuous 
regimes was indicated as one of the main applications 
of the device proposed in [13]. 

In fact, operation of a gamma-ray laser is one of the 
modifications of nuclear reactions, namely, a chain reac- 
tion of induced transitions in excited nuclei. This circum- 
stance was highlighted in the title of the first technical 
report on this problem (see reference [5] in [14]). 

The energy accumulated by excited states of iso- 
meric nuclei is about 50 Ml/g (see table), which is 
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Table ., 
Isomer 41Nb93m 

47Ag108'" 67Ho166m 
72Hf178m 

73 ia Dgl86m 
77Ir

192m Tj:210m 
83B1 

Lifetime, years 13.6 127 1.2 xlO3 31 1.2 xlO15 2 xlO5 241 3 xlO6 

Transition energy, keV 30 79 75 262 
Spin of the initial state 1/2- 6 7 9- 9" 
Spin of the final state 9/2+ 1 2" 0+ 1+ 1- 
Multipolarity M4 M5 E5 M8 E8 
Energy content, MJ/g 31 70 40 120 
Time of transformation of a prod- 0 2.4 min 27 h 0 8.1 h 91 h 74 days 138 days 
uct into a stable isotope 

approximately two orders of magnitude lower than the 
specific energy content of nuclear fuel used in nuclear 
fission and three orders of magnitude higher than the 
heat-producing capability of hydrocarbon chemical 
fuel. Advantages and drawbacks of such an intermedi- 
ate position of energy released in gamma emission 
determine the status of possible gamma-laser chain 
reaction in the hierarchy of power production. The 
main argument in favor of such a method of power pro- 
duction is its ecological safety, i.e., the absence of 
medium- and long-lived radionuclides in the products 
of this reaction (see table). 

Being implemented in the pulse-periodic regime, 
the above-considered method of the external ignition of 
a stimulated radiative nuclear reaction holds much 
promise as one of the ways to solve the problem of eco- 
logically safe power production. 

9. CONCLUSION 

The performed analysis reveals the main advantages 
and drawbacks of the method of external ignition of 
stimulated two-quantum emission from free excited 
nuclei using counterpropagating photon beams. The 
advantages and drawbacks of this technique can be 
summarized as follows: 

(1) In contrast to single-quantum emission in an 
ensemble of nuclei with a Doppler-broadened gain line, 
emission of gamma quanta into a selected mode 
involves virtually all nuclei regardless of their individ- 
ual velocities; 

(2) A specific dynamic distributed feedback, which 
is characteristic of stimulated two-quantum emission in 
counterpropagating beams only, is established in the 
absence of any reflective structures; 

(3) Because of the nonlinearity of the feedback, with 
a coefficient proportional to the intensity of the photon 
beam, excitation of nuclei is removed in an avalanche- 
like manner, which is accompanied by the emission of 
a giant pulse of gamma quanta; 

(4) At present, the implementation of such a process 
is impeded by the absence of sources of igniting 
gamma quanta with a sufficient intensity. Therefore, the 
advantages of the proposed technique may manifest 
themselves only in designing a final stage of a source of 
gamma quanta (e.g., in an X-ray or gamma-ray laser, 
relativistic undulator, free-electron laser, etc.) for pro- 
ducing a short pulse of gamma photons with a high 
peak amplitude. 
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The well known effect of enormous frequency Doppler shift arising when the soft photons 
are scattered by relativistic electrons is extremely inefficient because of very small value of 
Thomson's scattering cross-section. 

Evidently the efficiency can be raised by many orders of magnitude using the process of 
resonance scattering, that is replacing the electrons by relativistic beam of oscillators with 
transition energy coinciding in the co-moving coordinate system with the energy of incident 
photons. The beam of positronium atoms is a very first example, but the creation of such 
relativistic beam of annihilating neutral atoms with sufficient density is a separate and very 
complicate problem. 

We narrowly consider an alternative eventual experimental scheme based on existing sources 
of relativistic electrons which possess the needed resonance properties in the external static 
electromagnetic fields and discuss all the set-up details. Rigorous calculations show that the 
gain of efficiency in comparison with the case of Thomson's scattering is more than 1010 while 
the frequency rises from GHz range up to the X-rays. 

Persuasive experimental tests of proposed set-up would be of practical interest. 
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Abstract We analyse the feasibility of a high-efficiency up-conversion process based on the relativistic Doppler effect 
arising due to the scattering the incident soft photons with the electron beam which acquires the resonance properties in the 
static transverse magnetic field. Estimates predict the brightness of scattered radiation exceeding that of synchrotron 
radiation by orders of magnitude. 

The well known effect of enormous frequency Doppler shift 

xn2 = \ml «4Y2tu, C1) 

arising when the soft photons are scattered by free relativistic electrons is extremely inefficient 
because   of very small      value of Thomson scattering cross-section   oT = 6.65xl0"2 cm 
(E = mc2y being the electron energy). Even too optimistic analysis of this process predicts the 
quantum  yield   not larger than r^lO'11   [1].   The recent experiments in Berkeley National 
Laboratory result in the yield figure approx. TI = 10"    [2]. 

Evidently the efficiency can be raised by many orders of magnitude using the process of 
resonance scattering, that is replacing the free electrons by relativistic beam of oscillators with 
the transition energy coinciding in the co-moving coordinate system with the energy of 
incident photons. The beam of Positronium atoms is a very first example, but the creation of 
such relativistic neutral and unstable (due to annihilation) atoms with sufficient density is a 
separate and very complicated problem [3]. 

It should be noted that electron beam of an usual undulator setup is not applicable for the 
purpose under consideration because the electron behaviour in an undulator is in fact the 
externally forced periodic motion, but not the true pendulum oscillations possessing the distinct 
resonance frequency. 

We discuss an alternative eventual experimental scheme based on existing sources of 
relativistic electrons which acquire the needed resonance properties in the external static 
nonperiodic magnetic field. Let us consider (only for the sake of simplicity, but not as an 
optimized example) the relativistic electron beam propagating along the z-axis through the 
transverse magnetic field B with two components 
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Bt«-B0pcos2<|) 

B P«-B0psin2(j) (2) 

r = Ap and $ being the polar coordinates of the cylindrical system (r, § ,z) . This field is 
created by two currents J parallel to each other and to the electron beam and divided by 
spacing 2 A between the axises of the round rectilinear conductors of radius a ; p = 0 is the 
electron beam position and   p = 1, $ = ± n/2   are the coordinates of the conductor axises; 
Bo = ^°%A'     Ho=47ixlO-7   Henry/m. 

Such magnetic field creates a transverse parabolic potential well for the relativistic 
electrons. So the initially unbounded electrons convert into harmonic oscillators with the 
resonance frequency equal in co-moving system to 

TU« 
ce Bm„    a 1 + a/2 A  max „ /  

m   A     A 1 + a/A 

-|'/2 

«0.14 
Bmax l + a/2A max /  

E    1 + a/A 

1/2 

(3) 
.#■--■ 

where 
B     _B0A 1 + a/A 

2   a l + a/2A (4) 

is the maximum value of magnetic field in Tesla at    p = 1 + a/A,   <j> = + % , w   is in THz, 

a, A - in cm, and e is the electron charge. 

The quantum yield of photons scattered by such moving oscillators rises in comparison to 
Thomson's case up to 

rj = 47tcr0 N/Atns (5) 

where   r0 = 2.8 x 10 15 m is the classical electron radius,  N   is the total electron number per 
unit area of the beam cross-section, and 

A         
3AY ACT « -w 
2 Y (6) 

is the unhomogeneous linewidth proportional to the relative electron energy spread      V . 

We take here into account the effects of Doppler broadening, the slight ellipsicity of the 
incident wave of frequency TD, = tn/^/ji , and some other possible sources of the line 

broadening. 

Hence the quantum yield is equal to 
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Ti«-r0^2Ny2/AY « 1.5x 10",9X2NEy/AY 
(7)' 

where 

is the wavelength of the scattered photons in nm, N is in cm"2, and  E   in MeV. 

The electron efficiency of the whole up-conversion process defined as the ratio of the 
scattered photon beam power to the electron beam power is equal to 

k=167Tftr0    IS   ^6xlQ-34   IS 

3mc2  Ay/y AY/Y (9) 

where the intensity of the incident photon beam S is in cm-2 sec'1 and the acting beam length 

1 is in cm. 
The scattered beam divergence is characterized by the solid angle 

Afl«7iA/M' 

Hence the spectral brightness of the output photon beam 

TlS 

(10) 

<D« 
(AT0s/xn)AQ (11) 

ATO. 
is sufficiently high and typically reaches the value   <D = IO29+ 1032 l/cm.sec.sterad.(     ^). 

These figures exceed the brightness of synchrotron sources by orders of magnitude, but are 
rather lower than the brightness of the X-ray lasers. Table 1 shows some quantitative 
examples of considered up-conversion process. 

Table 1 

E 1 Ay/y V- Jjmax N h ^2 n S An <D k 

GeV T cm2 cm nm cm'V strad l/cm2s*strad % 

19.0 3.7*10" io-3 5.5*109 20 10s 50 0.09 2.6* 10-5 IO25 6*10"10 3*1032 0.6 

0.1 200 io-3 1.5* 10s 20 IO8 3.5 230 3.5* IO-4 102b 2* 10s IO29 0.6 

0.1 200 10'3 1.5*105 5 IO8 1.7 460 7*10'4 IO25 2*10"5 2*1029 0.6 

4.0 7.8* 103 IO"3 2.5*10" 5 IO8 45 1.8 10"4 IO25 IO"8 7*1031 0.6 

Persuasive experimental tests of this process would be of practical interest. 
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Appendix 3 

-   •; \ 
HcnycKaHHe JKCCTKHX <J»OTOHOB npH cnoirraHHOM paccesiHHH 

3JieKTpOMarHHTHOH BOJIHM Ha peJIHTHBHCTCKHX OCUHJIJIHTOpaX 

JI.A.PHBJIHH 

1. BBe^eHHe 

Meroflbi reHepHpoßaHiw sjieicrpoMarHHTHoro HSJiyneHHH BHCOKOH HHTeHHBHoera 

noroKaMH cBo6oflHbix sjieiapoHOB, nepeMemaromHXCH B MaicpocKonHHecKHX sjieierpHHecKHx 

H MarHHTHbix nojiax, nojiyHium iiinpoKoe pacnpocrpaHeHHe B MHKPOBOJIHOBOM H «aace 

HH4)paKpacHOM flHanasonax (CM., nanpHMep, [1]). BOSMO^KHOCTB npoflBHaceHH* STHX 

MCTOflOB B 6ojiee KopoTKOBOjmoByio nacTb cneKTpa, BnjioTb äO pemreHOBCKOH o6jiacTH, 

ocHOBbmaercj. na Hcnojib30BaHHH yjibrpapejurrHBHcrcKHX sjieicrpoHOB H aocraTOHHO 

cHJibHbix MarHHTHbix nojieä. B caMOM flejie, xapaicrepHoe SHaneHHe co6cTBeHHOH nacroTbi 

w KOJie6aHHH sjieicrpoHa c nojiHOH sHepraefi E=mc2y, nepeMemaiomeroca BÄojib 

Beicropa MarHHTHoro nojia c HHflyicuHeH B coBnaflaer no nopaaicy BejiHMHHbi (B 

conpoB03KÄaiomeH sjieicrpoHbi CHcreMe KOopflHHar) c UHKJIOTPOHHOH HacroTOH 

TU = TDC = eB / m 

(1) 

(c -cKopocTb cßera, e - sapw H m - Macca sjieicrpoHa). B pesyjibTare 3(p<peicra ßonmiepa 

nacTOTa, HSJiynaeMaa TaKHM sjieicrpoHOM BÄojib Beicropa ero acopocra, TpaHcnoHHpyerca B 

jia6opaTopHoß cHcrreMe B 

w =^Y(i + VT^)*2—y *OJBE 
2     m   V /      m 

(2) 

rÄe B MHCJieHHOM paBencTBe xn2 BTFU, BBTJIH£ BMSB. OueHKanpn £=10T3B H 

B = 20 TJI cocTaBJweT xa2 * 4.105 Tru, HTO OTBenaer MancoMy pemreHOBCKOMy 

HSJiyMeHHK) c fljiHHOH BOJiHbi X2 « 13,5 HM H SHepraeö KBam-a hw2 * 0,1 K3B («ajiee BO 

Bcex HHCJieHHbix BbipaaceHHax B TeKcre HcnojibsyioTca Te »e WHHHUM, a reoMeipmecKHe 

pa3Mepw B CM, BO Bcex npHMepax B TeKcre - Te ace 3HaHeHmi £ H B). 

B 3TOM cneicrpajibHOM «Hana30He TpyflHO, no-BHflHMOMy, HafleHTbca Ha 3aMerHbiH ycnex 

B nocrpoeHHH Ha yKasaHHbix npHHimnax 3<p<peKTHBHbix caMOB036y*flaiomHxca 

reHepaTopoß       HJIH   ycHJiHTejiefi   KorepeHTHbix   KOJieöaHHH,   KOTopwe   ÄaBHO   yace 

3? 



<j>yHKUHOHHpyiOT B MHKpoBOJiHOBOH o6jiacTH.    CKopee cjieflyer o6paTHTb BHHMaHHe ha 

npoueccbi cnoHTaHHoro  pacceaHHH (poTOHOB  Ha sjiempoHax,  HanpHMep,  Ha roaaBHa 

HSBeCTHblfi     CHOC06     nOBblllieHHH     HaCTOTbl     BOJIHbl,     OTpa>KeHHOH     OT     peJIHTHBHCTCKH 

flBHÄymerocsi 3epKana. 

KaK H3BecTHO, pacce*HHe <J>OTOHOB Ha yroji n BcrpenHbiM nyMKOM pejWTHBHCTCKHX 

ajieicrpoHOB npHBOflHT BCjieacTBHe sierra ßonnjiepa K noBbiuieHHio Macro™ BTOPHMHOTO 

nyHKa c Koa^HiweHTOM TpaHcnoHHpoBaHH* 

H = Y2(l + VTrr)«4Y
2 

(3) 

K COJKaJieHHK),     KBaHTOBa*  34)(peKTHBHOCTb 3TOrO  npOUeCCa HCKJHOHHTeJIbHO  HH3Ka H3-3a 

ManocTH TOMCOHOBCKoro ceneHHH pacceflHHH 

aT=(87i/3)r0
2=6,65.10-25 CM2 

(4) 

(r0 = 2,8.10
I3

CM   - KjiaccHHecKHH paflHyc ajieiopoHa).   Aa*e onraMHCTHHecKHe oueHKH 

npeacKa3bißaioT KBam-oByio 3<J)4>eKTHBH0CTb 

r\T = aTN 

(5) 

nopHflKa TIT = 10""   [2]   ( N- aeficTByiomee MHCJIO sjieicrpOHOB Ha CäHHHHHOM nonepenHOM 

ceneHHH nyHKa).     B  HeaaBHHx 3KcnepHMeHTax B BepKJiH ÄoerarHyra  T|T~10"13     npH 

paccejiHHH HacrycTKe, coflep>KameM OKOJIO 1010 sjieicrpoHOB   csHepraen 50M3B[3]. 

OHeBHflHbIM     Cn0C060M IlOBblllieHHa     S^eKTHBHOCTH     peJIJITHBHCTCKOrO 

TpaHcnoHHpoBaHH* qacTOTbi jrajmerca nepexoa OT TOMCOHOBCKOTO pacceaHH* Ha 

cßo6oÄHbix sjieicrpoHax K pacceaHHK) Ha flBHacymHxca ocuHJiJurropax c saMeHOH aT Ha 

pe30HaHCHoe ceneHHe, paBHoe B annojibHOM npH6jwHceHHH 

TD4 ™l 
a = c T(Tn2-tn2)2

+tü2(Atn0)
2 ~   T 4{w-w0f+(Aw0)

2 

(6) 

rfle tö0-pe3OHaHCHaHMacTOTaocuHJiJWTOpa H 

i 

y^. 



ATO0=(2r0/3c)tD^ 

(7) 

ecTecTBeHHaa paflHaimoHiuui uinpHHa JIHHHH ocmuuraropa. BHAHO, HTO B pesoHaHce 

MOHCHO 6WJIO 6H OKHflaTb noBbiineHHH ceneHtüi pacceaHiw Ha MHoro nopaflicoB: 

a0/ar=(3'k/4m0f 

(8) 

(  X = 2TCC/ TD )• XOTJI, KaK noKa3aHo HH>Ke, Ha caMOM aejie CTOJib rpaHflH03Hoe noBbimeHHe 

3(j)4)eKTHBHOCTH   H   He     flOCTHHCHMO,   BCe   >Ke   BblHrpbllH   HO   CpaBHCHHIO   C  TOMCOHOBCKHM 

cnynaeM oKa3WBaercH BecbMa cymecTBeHHbiM. 

npocrenuiHM npHMepoM ocuHJiJurropoB, npnroÄHbix H3-3a Manofi Maccbi äJW 

HcnojibSOBaHHH B KanecTBe pejwraBHCTCKoro aepKana, MO>KeT cjiyacHTb nynoK aroMOB 

no3HTpoHH» c sHepraefi nepßoro B036y>KfleHHoro    2p COCTOAHH* B 5,1  sB.  OflHaico, 

nOJiyneHHe    ÄOCTaTOHHO    HHTeHCHBHblX    pejWTHBHCTCKHX    nyHKOB    HeßTpaJIbHblX    aTOMOB 

(Hecra6HJibHbix H3-sa aHHHrHjmuHH) npeflcraBjmer caMocrojrreiibHyio H oneHb Henpocryio 

3aflany    [4]. 

riosTOMy aneflyeT cocpeaoTOHHTb ycHJimi Ha (})opMHpOBaHHH nyHKOB CBO6OAHMX 

3JieicrpOHOB,        KOTOpbIM       npHflaHbl       CBOHCTBa       KBa3HrapMOHHHeCKHX       OCUHJIJWTOpOB 

nocpeACTBOM noMemeHHfl BO BHeuiHHe MaicpocKonHHecKHe sjieiopoMarHHTHbie nojia. 

HejiHHeHHaa TeopHfl npoueccoB KorepeHTHoro H3JiyHeHH* pejiaTHBHcrcKHx sjieiapoHHbix 

nyHKOB B TaKHX nojiflx aerajibHO pa3pa6oTaHa npHMeHHTejibHO K He CJIHHIKOM 6ojibuiHM 

K03<p<pHUHeHTaM TpaHcnoHHpoBaHHK \i H nocTpoeHO MHoacecTBO ycneiiiHO «eHCTByiomHx 

ycrpoHCTB (CM., HanpHMep, [1]). Ana paccMaipHBaeMbix HeKorepeHTHbix npoueccoB c 

|i»1  AocraTOHHO BOcnojib30BaTbca npocrbiMH oueHicaMH B JIHHCHHOM npHÖJiHaceHHH. 

B aajibHefiineM aHanH3e Hcnojib3yK)TC5i «Be CHcreMbi KoopflMHar: B jia6opaTOpHofi 

CHcreMe L Bee BejiHHHHbi noMeneHbi HHfleiccoM L , B conpoBoacaaiomeH sjieiopoHbi 

CHCTeMe Q , flBH^cymeHCJi co cpeflHefi cKopoerbio sjieiopOHOB cß BejiHHHHbi jiHineHW 

CHCreMHbix HHfleKCOB; nacTOTbi nepBHMHOH H BTOPHHHOH BOJIH B CHcreM L o6o3HaHeHbi 

TO, H  TO2. 
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c 
2. KßaHTOBaH 3<|><peKTHBH0CTb TpaHCnOHHpOBaHHH 

3jieicrpoHbi, 3anojiHaioinHe ynacroK B3aHMOfleHCTBHa nyHKa c eflHHHHHbiM ceneHHeM H 

AJIHHOH 1, pacceHBawT B eflHHHuy BpeMeHH 

I = a0Snl(AtD0 / ATOS) 

(9) 

4>OTOHOB. 3flecb S/ATDS - cneiopanbHaji njiOTHOCTb <|)OTOHOB nepBHHHoro nyHKa c nojmoH 

HHTeHCHBHOCTbK)      S    B CneKTpajIbHOM HHTepBaJie    AüJs   , paBHOM nOJIHOH HeOflHOpOAHOH 

uiHpHHe jiHHHH ocuHjuiaropoB, n - o6beMHaa KOHnempauHa sjieiapoHOB.      SjieinpoH 

noflBepraerca  ooJiyneHHio  B  CHcreMe  Q  noTOKOM   nepBHHHbix  <J)OTOHOB   C  HacroTOH 

r C 
tn = xs^ii B TeneHHH BpeMeHH 

At = lL/cAt = lL/cAt = lL/cyVl-Y-2 

(10) 
IUnpHHa TeKymero cneiapa TaKoro oojiynaiomero HMnyjibca H3MeHaerca BO BpeMeHH Kaic 

Aro(t)~l/t  OT 6ecKOHeHHOH (HO c HyjieBofi aMnjiHTyflOH) npn t = 0   äO 2K/At   npn 

t = At; oflHOBpeMeHHo B03pacraeT aMnjiHTyoa ueHTpajibHOH cocraBJiaioineH cneiapa 

f (t) * 1,6(S / AtDs)[l - exp(-t / At)] 

(11) 

ECJIH 6bi nepBHHHoe miyneHHe 6buio KBa3HMOHOxpoMaTHHecKHM c IHHPHHOH JIHHHH, 

coBnaflaiomeH c Aro0, H HHTeHCHBHOCTbK) SATO0/ATIJS TO npouecc ycraHOBjieHHa 

TeKymero cneiapa (11) Hauieji oTpaaceHHe B crojib me nocreneHHOM HapacraHHH cKopocTH /"*•, 
pacceaHHH   I OT Hyjia ao acHMnTOTHHecKKoro HaneHHa (9). IIpHHHHa 3Toro COCTOHT B TOM, 

HTO B KaXCAblH flaHHblfi MOMeHT t     C SJieiOpOHHblM OCHHJIJWTOpOM, OÖJiaflaiOmHM UUHpHHOH 
JIHHHH norjiomeHHfl Atu0, BaHMOfleHCTByer jiHuib cooTBercrByiomaH cocraBjunomaa noaa 

nepBHHHoro H3JiyHeHHH c aMnjiHTyaoH (11). 
OflHaKO, ecjiH 

AcjaAt»1 

(12) 
TO nafleHHe Teicymefi cneicrpanbHOH njioTHocTH f(t) B nojioce noniomeHHH aaHHoro 
ocuHjijwTopa KOMneHCHpyerca HajioaceHHeM MHoacecrBa KOMnoHeHT coceflHHx ynacTKOB 
TeKymero cneiapa nepBHHHoro H3JiyHeHHa, HTO ri03BOJiaer c flocraroHHOH aocTOBepHOcrbio 
nojib30BaTbca ana oueHOK acHMirroTHHecKOH (popMyjioH (9). 

Toraa KBaHTOBaa 3(p<})eiaHBH0CHTb pacceaHHa onpeaejiaerca KaK 
rj = I / S = (3 / 27t)X,2nl(Aro0 / Atns) 

(13) 



OHa ocraeTCH HCHMCHHOH npn nepexoae B cHCTeky L, a pojifa s^eKTHBHoro ceneHiw 
Hrpaer 

a = Ti/nl = aT(3A,/47tr0)
2(Axn0 /Atus) 

(14) 
TaKHM o6pa30M HCTHHHWH BbiHrpwiu B ceneHHH no cpaBHeHHK) c TOMCOHOBCKHM 

3HaHeHHeM (4) cocraBjiHer B STOM cjiynae, KaK OTMeneHO Bbiine, He (8), a BejiHHHHy B 

Aro0 / ATDS pa3 MeHbinyio. 

3. rapMOHHHeCKHe KOJieÖaHHH peJIHTHBHCTCKOrO 3JieKTpOHa B MaKpOCKOnHHeCKOM 
MarHHTHOM nojie 

06pameHHe sjieicrpoHa c UHKJIOTPOHHOH nacTOTOH XDC (1) - He eflHHCTBeHHbifi BOMOJKHHH 

npHMep rapMOHHHecKoro ocuHjuurropa. CBOOOAHMH PCJIHTHBHCTCKHH sjieicrpoH MOHcer 
HrpaTb 3Ty pojib, ecjiH ero aBH)KeHHe BO BHeiimeM nocroHHHOM nojie noflHHHaerca 
npocTOMy ypaBHeHHio MaaTHHica 

y = -ra2y 

(15) 
c B03BpamaK)ineH CHJIOH  HITD

2
  B npaBofi nacTH (y - nonepeHHoe CMemeHHe sjieicrpoHa H3 

nojio^ceHHH paBHOBeCHH). 
CTOHT noflnepKHyTb, HTO H3BecrHbie ycrpoHCTBa THna OHflyjwropa H pp. (CM., HanpHMep, 

[1]), B KOTopbix sjieicrpoH Taioice coBepuiaer KOJie6aHHH B HanpaßjieHHH, nonepenHOM K 

peflHTHBHCTCKofi  CKopocxH,   He  OTBeHaeT  nocraBJieHHOH  3aflaHe,  T.K.   ero  ypaBHeHHe 

flBH^ceHHH B npocTpaHCTBeHHO nepHOflHHecKOM nojie y ~ cosfit paflHicajibHO OTJiHHaercfl 
OT (15) (n-nacTOTa BbiHyacaaiomeH CHJIW, oGparao nponopuHOHajibHaa 
npocTpaHCTBeHHOMy nepHoay nojw). 

IIpocTbiM npHMepoM peajiH3auHH rapMOHHnecicoro ocnHJUwropa flBjraercji ABHaceHHe 
sjieicrpoHa B HeoflHopoflHOM nonepenHOM MarHHTHOM nojie, co3flaBaeMOM flByMH 
napajiJiejibHbiMH TOKaMH J, TeicymHMH no npflMOJiHHeHHbiM npoBOflHHKaM Kpyrjioro 
ceneHHfl c paflHycoM a, pa3flejieHHbix npoMejKyncoM A MOK^y HX OCHMH (STO OTHioflb He 
onTHMH3HpoBaHHaa KOHtJwrypauHfl BbiöpaHa jminb H-3a npocroTbi pacnera nojra). 

MarHHTHaa mmyKiiwi B TaKofi napbi TOKOB pacnpeflejieHa BHe npoBOflHHKOB B njiocKOcra 
HHJiHHflpHHecKOH KOopflHHaTHOH cHCTeMbi (p,<|)) (npoBOflHHKH pacnojiojKeHbi napajuiejibHO 

OCH z, KOopflHHaTbi HX ocen p = l   H(|) = ±7C/2) cjieflyiomHM o6pa30M: 
a l + a/2A        psin2<J) 

R   = —2R p max A 1 + a/A l + 2p2cos2(J) + p4 

B  --2B     a 1 + a/2A    P(COS2(^+P2) 
♦ " maxA   1 + a/A   l + 2p2C0S2(j) + p4 

|B| = 2B     A1 + a/2A E _ 
max   A     1   ,       / A     / . \ U. A l + a/A Axi^^oOJLx^K2 

(l + 2p2cos2(J) + p4)/ 

ws MaKCHMajibHoe 3HaneHHe MarHHTHofi HHflyKUHH 

(16) 

(17) 

(18) 
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= n0J  1 + a/A 
max    27tal + a/2A 

flOCTHraeTca Ha BHeumeH noBepxHocrH npoBOflHHKOB npH § = ±%I2   Hp = l+a/A 

(3Aecb \i0 =47i x 10"7 r.M1 H p - paflHajibHaa icoopAHHaTa, HopMHpoBaHHaa Ha A). 

B6JM3H OCH Z, rae p «1, cnpaBeflJiHBO JiHHeHHoe npnojiH^ceHHe: 

al+a/2A    .   ., 
Bn » -2Bmax p sin 24> p maxA 1 + a/A F 

(19 

al+a/2A 
BA » -2Bm„„ pcos24> 

* maxA 1 + a/A H 

(20) 

(21) 

3jieKTpoH.flBHraioinHHCJi crporo no OCH Z , HaxoflHTCH B nojioaceHHH paBHOBeciw B 

nonepeHHOM HanpaBjieHHH nocKOJibicy B(p = 0) = 0 H cnjia JIopeHua paBHa Hyjiro. IIpH 

CMemeHHH OT OCH z paBHOBecne Hapyuiaerca H B KBaapaHTax 7t/4<(j><37c/4 H 

-37C/4<<j)<-7c/4 HaajieicrpoH fleHCTByer CHHjia JIopeHua c OTpHuaTejibHofi paananbHOH 

cocraBJiHiomeH 
r, 7„      «x.      a l + a/2A 

Fp = -ceVl - Y"2B+ « 2ceBmax _——— pCos2<|> 

(22) 
coBnaaaiomeH no BHfly c B03BpamaiomeH CHJIOH rapMOHHnecKoro ocuHjijurropa (15), 
npHHeM B cjiynae B3aHMOfleHCTBHH co cropoHHeH JIHHCHHO nojrapH30BaHHOH BOJIHOH C 

BeicropoM ajieiopHHecKoro nojra, opHeHTHpoBaHHbiM no HanpaBjieHHio <j> = +n 12 , 3Ta cnjia 

MaKCHMaJIbHa. 
,ZJjW OUeHKH Co6cTBeHHOH HaCTOTbl OCUHJUUITOpa, B03HHKaK)merO B pe3yjIbTaTe fleHCTBHfl 

yica3aHHOH  CHJIM,   yaoÖHee  nepeHTH   B   cHcreMy  Q,      r«e,   KOHCHHO,   cana  Jlopemja 
OTcyTCTByer,   HO   MarHHTHaa   HRnyKijHH   B   nopoamaer   ajieinpHHecKoe   none   E   c 
KOMnOHeHTaMH 

al+a/2A T- T,     F. T   „ T,       a l + a/zA    .  „. E. = -cB vJl-v 2 «2cBv p sin 2d) 

a l+a/2A ^     x,     £ i"      « T,       a l + a/zA        „. 
E = CB+YV1-Y-

2
 *-2cBmaxy-———pcos2<J> 

* A 1+a/A 

H paflHajibHWM rpaflHeHTOM Ep   B6JIH3H OCH Z 

(23) 

(24) 

1 dED      _        a. l + a/2A 
A dp raax   A2  1 + a/A P~ -2cB-axYTTV-f"a/7COS2(|> 

(25) 
B HTore coöcTBeHHaa nacroTa ocuHjuurropa OKa3biBaeTca 3aBHCJimeH OT yrna HamiOHa 
njiocKOCTH KOJie6aHHH <()  H paBHa 
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„ = JZK m 0,14(-BmaxE^ii^cos2^)- 
\mA dp m     A2 1 + a/A 

(26) 
(3Ta4>opMyjiaÄeKcTBHTejibHaB KBaflpaHTax n/4<c|»<37c/4  H  —3TC/4<<|><—TC/4). 

B peayjibTaTe s^eicra ßonnjiepa BOJiHa, pacceaHHaa STHM ocwuuiffropoM B 

noJio>KHTejibHOM HanpaBJieHHH OCH Z , npHOÖperaeT B CHcreMe L nacTOTy 

f „    r3a l + a/2A        .V" 
tn2 * 2yro * 0,56[-BmaxE

3 __^-cos2<|>J 

(27) 

TaK, TD2 = 1,3X10
6
  TTn,  X2 * 1,4 HM,  7JTO2 * 0,9 ioB npH A= 0,1 CM,  d) = 7c/2  H 

a/A = 0,8. 
HecMOTp» Ha BHAHMOC npeHMymecTBO STOH cxeMbi c nonepenHbiM MarHHTHbiM nojieM 

no cpaBHeHHio c HHKJIOTPOHHOH Bepcnen B oTHomeHHH äOCTHJKHMWX SHeprnH HcecTKHx 
(J)OTOHOB,   cjieflyeT  yicasarb   Ha   ee   HeflOcraTOK,   3aKjnoHaK>mHHCH   B   BO3HHKHOB6HHH 

HeCTa6H^'bHOCTH     TpaeKTOpHH     SJieKTpOHOB     npH     HX     npOHHKHOBeHHH      B     KBaflpaHTbl 
-TC/4<^<7C/4 H 37i/4<<J)<5TC/4, r«e nonepeHHbie KOMnoHeHTbi sjieicrpHHecKoro 

nojw (23,24) 3acTaBjwK>T sjieicrpOH yflajwTbCJi OT OCH Z. HHMMH cjiOBaMH, nonepenHbifi 
noTeHHHaribHbiH pejibe<p B CHcreMe  Q   HMeer BHA cefljia. JJjw nonepenHOH CTa6HJiH3auHH 
TpaeKTOpHH B 3THX KBaflpaHTaX flOJDKHbl 6bITb npHMeHCHbl flOnOJIHHTeJlbHbie Mepbi 
4)OKyCHpOBKH,    H3BeCTHbie,    HanpHMep,    B    TeXHHKe    yCKOpHTejiefi    HaCTHU,    HUH    HOHHblX 
jiOByuieK. TaKoe nojie, no6y>KflaK)mee sjieierpOHbi K cocpeflOToneHHio BöJIHH OCH Z , Moacer 
6biTb, B HacTHOCTH, co3flaHO B TeneHHe nacTH oflHoro H3 nojiynepHOflOB paAHonacroTHbix 
KOJieoaHHH B nojiOM pe30HaTope, o6pa30BaHHOM H3 KopoTK03aMKHyrbix nojiyBOJiHOBbix 
OTpe3KOB Kpyrjioro BOJiHOBOfla c BOJIHOH rana TMoi HJIH npHMoyrojibHoro BOJiHOBoaa c 
BOJiHOH THna TMn (npn npoflo/ibHOM riynice sjieicrpoHOB) H THna TEu (npH nonepeHHOM 
nyHKe). IIpoflOJiHCHTejibHOCTb TaKofi HMnyjibCHOH (poKycnpoBKH Moacer ÄoernraTb, 

HanpHMep, 50 nc npn nacTOTe 1 MTTu. 

4. YiuHpemie JIHHHH 

B nojmoe HeoÄHopoflHoe yumpeHHe JIHHHH ATOS BHOCHT CBOH BKJUW pa3JiHHHbie ABJieHHa 

H B nepByro onepeflb HeflOcraTOHHaji MOHOSHepreTHHHOcrb sjieicrpoHHoro nynKa. Pa36poc 
CKopocreH sjieinpoHOB B cncreMe Q, OTHeceHHbifi K C H Bbipa>KeHHbiH nepe3 umpHHy 

SHeprerHHecKoro cneicrpa Ay , 3a«aHHyio B CHcreMe L, paBeH 

Aß = AY/yVl-Y-2 «Ay/y 
(28) 

CooTBercTBeHHO BKjiafl jiHHenHoro stpcpeicra ßonnjiepa B  ATOS cocTaBjwer 

AroD = tnAß«ttnAy/y ^ 
(29) 

Cßepx Toro KOHCHHOH UIHPHHOH o6jiaaaeT H cneicrp pe30HaHCHbix nacroT ocnHJuurropoB B 

MarHHTHOM nojie (20,21) H3-3a pa36poca BCJIHHHH, BXOAJHIJHX B (26): 

Am^_ AB^ , AY , AA ; 2 + 2a/A+(a/A)2 A(a/A) | ^^ 

TO      2Bmax    2y    2A    2 + 3a/A+(a/A)2   2a/A 
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(30) 
3aecb, no-BHflHMOMy, rjiaBHbifi BKJiaa BHOCHT oiurrb ace HeflocTaroHHaa 
MOH03HeprerHHHOCTb 3JieicrpoHHoro nyHKa no cpaBHeHHK) c HCTOHHOCTHMH reoMerpHH H 

nocTOHHHoro MarHHTHoro nonn, a Taicace c OTKjioHeHHeM OT JIHHCHHOCTH nojwpH3auHH 
nepBHHHoii BOJiHbi, BbipaacaeMbiM BCJIHHHHOH   A(j) . 

B HTore npn OTcyrcrBHH apyrax, HeyHreHHbix 3flecb HCTOHHHKOB HeoflHopoflHoro 
yiiiHpeHiw ero cyMMapHoe 3HaHeHHe ecrb 

AtDs ^ ATOD + AtnR ^ 3Ay 

TO tn 2y 

(31) 
KOTopoe, no-BHflHMOMy, BpHfl Jin MOHCHO Ha npaKTHKe cflejiaTb MeHbiue lO^-lO"4 

Ilpeacfle HeM npoH3BecTH aaiibHeuiee yroHHeHHe KBawroBOH 3<f)(peKTHBHOCTH (13), 
HeOÖXOflHMO yÖeflHTbCH, HTO B03MOMCHbie MHOrOKpaTHbie aKTbl paCCeHHHÄ Ha OflHOM H TOM 
ace sjieicrpoHe He npHBOfljrr K HapyiueHHK) npouecca TpaHcnoHHpoBaHHfl. B KaacflOM aicre 
pacceaHHH sjieiopoH TepjieT sHeprnio 

8E = 2(hwf/mc2 

(32) 
rae SHepnw <J)OTOHa, cocraBjmer B cncreMe Q BejiHHHHy nopaflKa 0,1 sB, H 5ro Ha 
MHoro nopaflKOB ycrynaer npHHjrrofi Bbiuie uinpHHe SHeprerHHecKoro cneicrpa 
sjieicrpoHHoro nyHKa. IlosTOMy TOJibKO nocjie orpoMHoro HHCJia nocneaoBaTejibHbix aicroB 
pacceHHHH Ha OAHOM H TOM ace sjieinpoHe MOJKHO oacHflarb yxyflineHHH 
MOHOSHepreTHHHOCTH nyHKa. 3TO no3BOJiner npeHeöpenb STHM «BjieHneM npn oueHKe 
KBaHTOBOH 3Cj)CpeKTHBHOCTH . 

B HTore   KBaHTOBaa 3(fxJ)eKTHBH0CTb    T|  (13),      BbipaaceHHaa nepe3 jiaGoparopHbie 

xapaKTepncTHKH sjieKTpoHHoro nyHKa,   paBHa 

T1 = AX
2
N4^ = ^X21JL^-«1,5X10-

1
^2NEY/AY 

27C        Atus     3ce Ay 

(33) 

rae N = nl = nL 1L - nojiHoe HHCJIO sjieiopoHOB B aeficrByiomeM OTpe3Ke nyHKa eflHHHHHoro 
ceneHHH H JL- nnoTHOCTb TOKa nyHKa (A.CM "2 ). CpaBHeHHe c (5) aaer flocrraTOHHO 
omyTHMbiii Bbinrpbiin 

Ti/-nT=(^2/7tr0)(Y2/Ay) 

(34) 

KOTopwH ocraerca 6ojibiiiHM BnjioTb flo Hcecncoro peHTreHOBCKoro flHana30Ha. 
3jiejcrpoHHbiH Kim npouecca MOJKHO BBCCTH KaK OTHOiueHHe MomHocra BTopHHHoro 

H3JiyHeHHH K MomHOCTH nyHKa SJieKTpOHOB 

efan^S    _, 167^r0lLSL ^ fi ^ 10_34 1LSL 

mc2 (y -1) jL     3mc2 Ay / y Ay / y 

(35) 

Ho 



5.   nepBHHHblii H BTOpHHHblH (pOTOHHbie IiyHKH 

ECJIH nocraBJieHa 3aflana nojiyneHHfl BTOPHHHHX (poTOHOB C MaKCHMajibHofi SHeprHeH , 
TO KaK MarHHTHaa HHAyKUHfl Bmax, TaK H SHeprra sjieicrpoHOB E TaioKe AOJIHCHH 6brrb 
MaKCHMajibHbi. THnHHHbiMH npeflejibHWMH 3HaHeHiwMH cerofliw MOHCHO npHHOTb 
Bmax = 20 TJI, «ocTHrHyryK) c Hcnojib30BaHHeM CBepxnpoBOflHHKOB NbTi H Nb3 Sn [5], H 

y= 4xl04 (HanpHMep, HaKonHTejib PETRA [6]). GneAOBarejibHO AOCTHHCHMMMH 

npeÄCTaBJMioTCH K03<JxpnijHeHTbi TpaHcnoHHpoBaHiw (3) \i= 6x10 npH nacTOTe 

sjieicrpoHHbix ocuHJiJMTopoB (28) tn«300Trn,   nacroTe nepBHHHOH BOJIHW   tn,«4ITu 
7  

( A,, » 50 CM) H nacTOTe BTopHHHoro TpaHcnoHHpoBaHHoro H3JiyHeHna   tu2 « 2,2x10 TTn, 

(X2 «0,09 HM, hm2 » 15 K3B). 

^HHHOBonHOBoe nepBHHHoe H3JiyHeHHe Tpeoyer npHMeHeHHH BOJIHOBOAOB, HTO Bjiener 

3a CO6OH HeKOTopoe yroHHeHHe BbipaaceHHa TO=WIA/|LI «JIH nepBOH cryneHH 

flonnjiepoBCKoro npeo6pa30BaHHfl nacroTbi 

r i-fr •2 

(36) 

KOTopoe 03HanaeT Heo6xoAHMocrb HecKOJibKO noBbicnTb HacTOTy nepBHHHon BOJIHW AJM 

ycxaHOBjieHHH peoHaHca c ocuHJiJWTopoM (racr -KpHTHnecKaa nacTOTa BOJiHOBOAa). 

B pe3yjibTare pejurraBHCTCKoro npeo6pa30BaHH* HMnyjibcoB pacceHHHbix <J)OTOHOB Bee 
BTopHHHoe H3JiyHeHHe cocpeflOToneHO B KOHyce BOKpyr Beicropa npoAOJibHofi CKopocTH 

ajieicrpoHOB c TejiecHbiM yrjioM npn BepuiHHe 

AQL »7t / \x 
(37) 

HTO, HanpHMep, npn y = 2xl04   cocraBjuieT AfiL »  2x10"    crepaA. 

TaKHM o6pa30M BbixoAHoe H3JiyHeHHe npeAcraBJiaer CO6OH nynoK JKCCTKHX (poTOHOB, 
COnOCTaBHMblH   C   Jia3epHbIM   no   MOHOXpOMaTHHHOCTH   H   HanpaBJieHHOCTH   H   C   BblCOKOH 

HpKOCTbK) 

<I)L=TlS/(ÄTiIs/Tij)AnL 

(38) 
TnnHHHbie 3HaMeHHH    OL «1025 - 1028     CM"

2
 C"

1
 crepaA"1   B oTHOCHrejibHOM HHTepBajie 

HaCTOT   Atn2/CJ2 = 10"4   Ha   HeCKOJIbKO   nOpHAKOB   npeBOCXOAHT   HpKOCTb   CHHXpOTpOHHblX 

HCTOHHHKOB (1021 CM'
2
 C"

1
 crepaA"1 ), HO no MrHOBeHHofi HpKOCTHe ycrynaer HMnyjibCHbiM 

pemTeHOBCKHM jia3epaM (1034   CM"
2
 C'

1
 crepaA" ) [7] . 

HeKOTopoe npeAcraBjieHHe o B03MO>KHbix BapnaHTax napaMerpoB MOJKHO noJiyHHTb H3 

TaöJiHUM 1. 
B 3aKJIK)HeHHe CTOHT 06paTHTb BHHMaHHe-Ha TO, HTO aHrapMOHH3M gejIHTHBHCTCKHX 

OCIJHJIJlflTOpOB, CBH3aHHbIH, B HaCTHOCTH, C HeJIHHeHHOCTbK) KOOpAHHaTHblX 3aBHCHMOCTCH 
(16,17), OTKpblBaeT B03MO)KHOCTb HaÖJIIOAeHH^   rapMOHHK OCHOBHOH HaCTOTbl. 

HacToamas pa6oTa BbinojiHeHa npn nacraHHOH noAAepacice PO<SH (rpam- Jfc 96-02-17686a) 
H nporpaMMbi EOARD (npoeicr Jfe SPC -96-4033). 

U[ 
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TAEJimUA l 

E Y Ay/y V- ^max N h A* Tl S An O k 

T3B TJI CM"
2 CM HM CM'V crpaA l/cM2c*crpaa % 

19.0 3.7*104 io-3 5.5*109 20 IO8 50 0.09 2.6* IO'5 102i 6*10"10 3*1028 0.6 
0.1 200 io-3 1.5*105 20 IO8 3.5 230 3.5+10"4 102i 2*10"5 io25 0.6 
0.1 200 IO"3 1.5*105 5 IO8 1.7 460 7*10"4 102i 2*10"5 2*1025 0.6 
4.0 7.8*103 IO"3 2.5*108 5 IO8 45 1.8 IO"4 102i IO8 7*1027 0.6 

.HpicocTb <3> flaHa B oTHocHTejibHOH nojioce nacroT Aro/ w = 10 

kb 



HcnycKaHHe JKCCTKHX (J)OTOHOB npn cnoHTaHHOM pacceHHim 3JieKTpoiviarHHTHOH 
BOJIHbl Ha pejIHTHBHCTCKHX OCUHJIJIHTOpaX 

JI.O.PHBJIHH 

Pe30HacHbifi   npouecc   cnoHTaHHoro   pacceaHHa   (JJOTOHOB   
Ha   BcrpenHOM   nyHKe 

peJIHTHBHCTCKHX 3JieKTpOHOB, npH06peraK)mHX B nOCTOHHHOM MarHHTHOM nOJie CBOHCTBa 
rapMOHHHeCKHX OCUHJinaTOpOB, nOpO>KflaeT C BblCOKOH KBaHTOBOH 3<J)(peKTHBHOCTbK> 
MOHOXpOMaTHHHblH,  HanpaBJieHHblH  H HHTeHCHBHblH  nyHOK >KeCTKHX (pOTOHOB    (jeopHfl H 

pacner). 

H4 



Appendix 4 

\\ 

YcHJieHHe cnoHTaHHoro raMMa-H3JiyHem«i B oxJiajKAetmoM 

nyHKe nflep co cKpbiTOH HHBepcHeii 

JI.A.PHBJIHH 

OueHKa MHHHMajibHoro nncjia B036y>KAeHHbix wep, Heo6xoAHMoro AJIH 

HaAe^KHoro ntömoneimx npouecca ycuneum raMMa-HSJiyneHHH Ha cpone cnonxaHHoro 
HcnycKaHHH, oKasbißaerca AJI* nyHKa CB060AHHX Wep co CKpbixoß HmepcHeH, neoacHAaHHO 

HH3KOH. 

1. BßeAeHHe 

OäHH H3 B03MO>KHbix BapHaHTOB sKcnepHMeHxajibHoro ocymecxBJieHHH HflepHoro 

raMMa-Jiasepa COCTOHT B HcnoJib30BaHHH ycHJiHBawmen cpe^bi B swe rjiy6oKO 

oxJia>KAeHHoro nyHKa Wep co CKpbixofi (cneicrpajibHO-JiOKajibHoft) HHBepcneH [1-5]. 

nocjieflHHH oöycjioBJiena oTHOCHTejibHbiM cMemenneM pe3OHaHCHbix JIHHHH ncnycKaHH* H 

nomomenH* BCJieACXBne OTWHH wpa, conpoBO>KAaK>meH JHO6OH paAHauHOHHb.H npouecc c 

ynacTHeM AoexaxoHHO *ecxKHX «poxoHOB, a yMeHbuienne neoAHopoAHoro yuinpeHH* JIHHHH, 

oöecneMHBafomee    AoexaxoHHb.ö    K03CJ)(i)Hu.HeHX    ycHJieHH*,    Aocxnraexca    myöoKHM 

oxjia>KAeHHeM nyHKa. 

nPH aHajiH3e cmibHHX H cjmGb.x cxopoH sxoro noAxoAa mwicaicirr cocpeAOXOHHXb 

BHHMaHne «Menno na npouecce ycHJieHH* noxoKa raMMa-cpoxonoB, KaK na OAHOM H3 BHAOB 

caMono^ep^HBawmeHC, ueimofi *AePHOH peaKUHH, B npoxHBOBec 3aAaHe Ha&iKueHH* 

oxaejibHbix aKxoB cxHMyjinpoBanHoro raMMa-HcnyacaHH» na ypoBHe cnexa eAHHHHHbix 

CpoXOHOB HHAyUHpOBaHHOrO npOHCXO^eHHH. nOCJieflHHH XHH 3KCnepHMeHXOB (eOIH B  HX 

nepcneKXHBe »e oneBHAHa BO3M0>KH0cxb KOJinnecxBeHHoro napamHBaHH* sierra) Mo*ex 

npeAcraBHXb Jinuib MexoAnnecKHH HHxepec, nocKOJibKy OHH CHOCOGHB. jminb noAXBepAHXb 

npHMeHHMoexb o6mnx 3aK0H0B cxHMyjiHpoBaHHoro HcnycKaHHH K HAepHbiM nepexoAaM, 

Hxo, pa3yMeexcH, He Hy>KAaexca B npoßepKe OHWXOM. 

2. HaHMeHbuiee MHCJIO B036y3KAeHHbix H«ep B KaHajie ycHJiemisi 

OxcyxcxBHe Aocxaxonno ac^eKXHBHbix oxpaacaxejiefi ne nosBOJiner HaAeaxbca B 

O6O3PHMOM   6yAymeM   na   Bonjiomenne   B   cyönaHOMexpoBOM   AHanasoHe   AüHH   BOJIH 

TpaAHUHOHHOH    J.a3ePHOH    CXeMbI    C   pe30HaXOPHOH    OÖpaXHOH    CBH3BK).    AübXepHaXHBOH 

M£ 



ABJiJieTCH ycHJiHTejib 6erymeH BOJIHH B HaH6ojiee npocroH BepcHH ycHjieHHH COöCTBCHHOVO 

cnoHTaHHoro H3JiyHeHPW. 

Ba>KHO oqeHHTb HaHMeHbiuee MHCJIO B03Öy^neHHbix jwep, 3anojipmiomHx 

npoTH^ceHHbiH KaHan H o6ecneHHBaioinee HaAOKHoe Ha6jiio,aeHHe 3<j)(})eKTa ycHjieHHa 

(JjOTOHHoro noTOKa. 

IlpeACTaBJieHHe o pa3yMHOM cooTHomeHHH nonepenHoro pa3Mepa (flHaMeTpa) D H 

fljiHHbi  L TaKoro  KaHajia  MO>KHO  cocTaBHTb  H3  oneAyiomHx  npocTbix  coo6pa5KeHHH. 

/I,H(j)(j)paKUHOHHbie nOTepH H3JiyHeHHfl C flJIHHOH BOJIHbl A , OTHeCeHHbie K eflHHHUe flJIHHbl 

KaHana, oueHHBaroTCH KaK 

aD^2A/D2 W 

(B onTHHecKOM AHana30He o6biMHO aD « IO^CM"
1
). Pa3yMHO noTpe6oBaTb, HTo6bi 3Ta 

BeJiHHHHa He npeBocxoflHJia K03(p(})HUHeHT HeycrpaHHMbix noTepb 4>OTOHOB B BemecTBe 

KaHana  ö"Ln   , r^e  <JL  ceneHHe noTepb H    n    oö-beMHaa KOHueHTpauiüi aTOMOB, T.e. 

aD<aLn 

OTCiofla cnepy&r orpaHHneHHe awaMeTpa KaHajia ycajieHHa 

D>pA/aLn (2) 

KOTopbifi  0Ka3biBaeTCJi  B  raMMa-ÄHana30He  HciuiioHHTejibHO  MajibiM  no  aöcojiiOTHOMy 

3HaHeHHio. TaK D > 3.10^CM npH A =0,05 HM H crLn =10" CM"
1
. 

B ycJioBHHx Heccj>opMHpoBaHHOH pe30HaTopHOH MOflbi (3epKana OTcyrcTByiOT) 

B03HHKaeT Tpe6oBaHHe, HTOöW ^OTOHHUH nynoK Ha amme L He BMXOäHJI 3a npeflejibi 

ceneHHH KaHajia 

L<D2/A«2/crLn (3) 

HTO He HBJMeTca cjiHHiKOM CTporHM orpaHHHeHHeM (L< 2.10  CM npn O"Ln=10   CM" ). 

IIo3TOMy o6"beM KaHana 

V = M)2L/4>^L/2o-Ln (4) 

TaioKe   HeBejiHK   ^a^ce   npn   3HaHHTejibHOH   fljMHe   L   (HanpHMep,   V>5.10 CM    npn 

L= 100CM). 



CooTBercTBeHHO nojiHoe HHCJIO B03Öy>K)aeHHbix aflep B KaHane 

XT        .T^7TÄLn2 (5) 
N = n9V>  

2crL n 

M05KCT ÖblTb He CJIHUIKOM 6oJIbIUHM fla>Ke npH flOCraTOHHO BbICOKOH HX KOHUeHTpaUHH (flJIH 

Toro ace npHMepa N > 5.10  npn 112=10    CM'). 

3TH Ha y^HBjieHHe HH3KHe oueHOHHbie 3HaHeHHfl He npeÄCTaBjwiOTCH 

HeflocTHJKHMbiMH B CBere ycnexoB coBpeMeHHofi TBXHHKH rjiyöoKoro oxjiaacfleHHH 

aHcaM6jieH cßo6oflHbix aTOMOB H HOHOB. PaHee yKa3biBajiocb [1] Ha flßa nyra nojiyneHHH 

MOHOKHHeTH3HpoBaHHbix (rjiy6oKO "oxjia>KfleHHbix") nonyjwuHH B036y>KfleHHbix a^ep 

jia3epHbiMH MeroflaMH aTOMHofi onrHKH H B ycKopeHHbix HOHHHX nynicax. B CBJBH C 

nepBbiM BapnaHTOM yMecTHo yKa3aTb Ha y>Ke flocTHrHyrbie pe3yjibTaTbi no yflep^aHHio B 

MarHHTHofl jioByuiKe N = 108 oxjiaacfleHHbix aTOMOB JIHTHH C KOHueHTpauHefi n = 3.10 CM" 

3 [6] H ue3Hfl c N=106 H n=5.10ncM'3 npn TeMnepaType 6MKK [7] , Ha6jnofleHHio 6o3e- 

3HHiuTeÖHOBCKoro KOHßeHcara aTOMOB HarpHa c N=5.10 H n = 4.10 CM npn 

TeMnepaType 2MKK [8] H np. KpoMe Toro H3BecTHbi 3KcnepHMeHTbi no y,zjep>KaHHK) B 

jioByuiKax paAHoaKTHBHbix HyiaiHflOB Rb    [9], Fr     [10]HAp. 

rio BTopoMy Bapnamy "oxjiaacfleHHfl" JujepHbiH aHcaMÖJib npeflCTaBjiaeT co6ofi 

HOHHbifi nynoK [1-5] H npnßeAeHHbiM oueHicaM KOHueTpauHH cooTBercTByer HOHHbifi TOK 

J = *ceD2n2 ^ß^ = ^m*± 
2^    ' (JT    VMc2  n 'L 

C njlOTHOCTbK) 

2 

(6) 

j = cen2-N/2eU/Mc2 (7) 

rae c - cKopocTb cßeTa, e - 3apaa HOHa, M - ero Macca H eU - KHHerHHecKaa sHepraji. 

JJjisi Toro Hce HHcneHHoro npHMepa c II2 = 10 CM" 3TO cocTaBJwer aocraTOHHO 

peajiHCTHMecKHe 3HaneHH5i J « 70MKA H j « 1KA.CM"
2
. YMepeHHbie 3HaneHHH nojiHoro 

TOKa nyHKa npaicTHHecKH ycrpaHjnoT acp^eicr HeoflHopoflHoro yumpeHHH JIHHHH no ceneHHio 

nyHKa, Bbi3biBaeMoro ero npocTpaHCTBeHHbiM 3ap?woM [1]. 

3HaneHHe npoaejiaHHbix npocTbix oueHOK N H II2 CTaHOBHTCH öojiee HanraflHbiM 

nocjie   paccMOTpeHH«   npouecca   ycHJieHPw   noTOKa   <]DOTOHOB   B   nynice   cnoHTaHHO 

m 



pejiaKCupyiomHx B03Öy>KAeHHbix HAep, npnneM HX coGcTBeHHoe cnoHTaHHoe HcnycKaHHe 

(J)OTOHOB B MOflbi KaHajia no Been ero flJMHe 3aAaeT HaHanbHbifi ypoBeHb ycHjiHBaeMoro 

noTOKa. 

3.   ycHJieHHe cnoHTaHHoro raMiwa-mjiyHeHHH 

CKopocTb cnoHTaHHoro HcnycKaHHH <J)OTOHOB B HHTepßaji TejiecHbix yrjioß AQ H 

nojiocy nacTOT Aü)<Acüj B036y>KAeHHbiMH jiapaMH, 3anojiH}iK>mnMH ynacTOK KaHana 

eAHHHHHoro ceneHHJi c /JJIHHOH dz , paBHa 

*        T   All AcOj (8) 

rne T - BpeMJi >KH3HH B036y>KAeHHoro COCTOHHHH no OTHomeHHio K paAHauHOHHOMy 

pacnaay, Aü)T - nojmafl HeoAHopoAHaa iunpHHa JIHHHH nepexoAa. CKopocTb cnoHTaHHoro 

HCnyCKaHHJI  3aBHCHT  OT   npOAO^bHOH   KOOpAHHaTbl   Z  ,   nOCKOJIbKy  Hflpa  ABH>KyTCfl   BAOJlb 

KaHana c nocroflHHOH CKopocTbio Vo , TaK HTO 

n
2(

Z) = n20eXP(-z/l) (9) 

rAe 1 = Vor H Il20=n2(0) - HanajibHaji KOHueHTpauHJi Ha BXOAC B KaHan ( z=0 ). 

ITOTOK <J)OTOHOB cnoHTaHHoro npoHCxo>KAeHH5i c njioTHOCTbK) I , 3axBaneHHbix B 

MOAbi KaHana, pacnpocTpaHHHCb no Heiwy nperepneBaeT ycuneHHe (HJIH 3aTyxaHHe), 

onncbiBaeMoe ypaBHeHHeM 

— = fcr(n2 - n,) - crLnll 
dx    L      2      lJ      L J (10) 

rne <7 -ceneHHe CTHMyjinpoBaHHoro HcnycKaHHH, Ilj - KOHueHTpauHfl HAep B HHJKHCM 

COCTOHHHH nepexoAa H n=rii+n2 - nojiHan KOHneHrpauHfl «Aep; npoAOJTbHan KOopAHHara x 

asm noTOKa I , HMeiomero CBOHM HananoM cnoHTaHHbie (fioroHbi, BO3HHKUIHC Ha ynacnce 

KaHana OT Z AO z+dz , nponopuHOHanbHa z,      npnneM x=0 B TOHKC Z H AocraraeT 

KOHeHHOrO 3HaHeHHH B TOHKe X=L-Z . 

ripH HajiHHHH CKpbiTOH (cneKTpajibHO-jioKajibHOH) HHBepcHH oxjia>KAeHHoro nyHKa 

n30MepoB, KorAa JIHHHH noraomeHHfl H HcnycKaHHfl CMemeHbi H3-3a OTAaHH, B 

KOHueHTpanHK) Ilj  B K03(f)<})Hu,HeHTe ycHAeHHa   cr(n2 — Ilj)   B (10) cjieAyer BKjuonaTb 

iJ2 



TOJibKO Jwpa, OKa3aBiiiHecH B HHJKHCM COCTOHHHH B pe3yjibTaTe CTHMyjiHpoBaHHbro 

nepexoAa HJIH >Ke cnoHTaHHoro HcnycKaHHH B MOAM KaHana ycHJieHHH, HO He H3HaHanbHO 

HaxoAamHeca Ha HHKHCM ypoBHe, a Taioice He nepeuiefliuHe Ha HHJKHHH ypoßeHb npw 

cnoHTaHHOM HcnycKaHHH <J)OTOHa B MOAbi 3a npeAeJiaMH ycHjiHTejibHoro KaHana. ^Apa 

nocjieAHHx AByx THnoB HaxoAJrrca BHe pe30HaHca c ^OTOHaMH, npHHaAJieacaiAHMH K 

ycHJiHBaeMOMy noTOKy. 

HTO KacaeTC« amp nepBbix AByx THüOB, TO OHH 0Ka3biBai0TCJi B pe30HaHce, T.K. 

OTAana OT npeAHAymero aicra HcnycKaHHH cpOTOHa npHAaer HM AonojiHHTejibHyio CKopocTb 

HaBCTpeny noTOKy ycHJiHBaeMbix $OTOHOB 

Av = E0/Mc (11) 

KOTopaa H3-3a 3(p<})eKTa flonnjiepa KOMneHCHpyeT paccTpofiKy Meawy SHepraefi <J)OTOHOB 

ycHJiHBaeMoro noTOKa 

/ky = E0(l-E0/2Mc2) (12) 

H 3HeprHeH uempa JIHHHH nomomeHHa 

EA = E0(l + E0/2Mc2) (13) 

T.K. 
(14) /ky(l + Av/c) = E0(l-E0/2Mc2)(l + E0/2Mc )«EA 

( Eo - SHepnw nepexoAa, E2, / 2Mc2 = ER -aneprva OTAann). 

ECJIH   npHHHTb,   HTO   KOHuempauHa   TaKHX   pe30HaHCHO   nonnomaiomHx   saep 

cymecTBeHHO ycTynaeT n2 , TO ypaBHeHHe (8) npHHHMaeT BHA - 

dl 

I 

^     Z + X 
<*i2oexp[--y -aLn 

(15) 
dx 

KpoMe Toro   npeAnoJiaraeTca,   HTO  naAeHHe  KOHuempaumi  ng 3a  cner  cnoHTaHHoro 

paAHauHOHHoro npouecca cymecTBeHHO AOMHHHpyer HaA ee H3MeHeHHaMH B peayjibTare 

CTHMyjiHpoBaHHoro HcnycKaHHa H norjiomeHHH <J)OTOHOB. 

PeuieHHe ypaBHeHHH (15) 

I(z) = I0expae"z/1-(l-b)z/l (16) 

rAe 

^9 



Eton AQ  AOO 
I0 = — exp 

T  4x AoOj 

-L/l ae""1 +bL/l 
\ 

(17) 

a=cn20l b = crL nl (18) 

aaeT noTOK (})OTOHOB,    HMCBUIHH CBOHM HananoM (J)OTOHbi, HcnymeHHbie cnoHTaHHO Ha 

ynacTKe OT Z AO z+dz , H AOIUCAIUHH AO KOHija KaHana z=L . 

nOJIHblH   BblXOAHOH   nOTOK  (j)OTOHOB   eCTb   pe3yjlbTaT  HHTerpHpOBaHHH   OT Z=0   AO 

z=L 

f    b (19) 

IT = I01    JeaVbdy 
exp(-L/l) 

rAe npoH3BeAeHa 3aMeHa nepeMeHHbix z/l=-lny . 

HaH6ojiee HHTepeceH cjiynaH HH3KHX noTepb $OTOHOB (cjia6oe 3aTyxaHHe). KorAa 

b«l y_b-*l (20) 

T.e. 

IT*(I0l/a)ea(l-e-Q) <21> 

r_jje Q = a(l — e~    ) - napaMerp KanecTBa. 

BejiHMHHa IT ecrb nojiHbifi noTOK (J)OTOHOB ycwieHHoro cnoHTaHHoro HcnycicaHHfl B 

MOAbi KaHana A-UHHOH L . Ero cjieAyeT conocTaBHTb c HeycHJieHHbiM noTOKOM CJXDTOHOB 

HHCTO CnOHTaHHOrO npOHCXO^CAeHHS, KOTOpblfi MO>KHO OUeHHTb, yCTpeMHB B (21) G^> 0 : 

j   _n20An A6Jlc_bL/,(1    c-L/, (22) 
sp       r   Ax AoOj 

OTHOineHHe        IT /1 xapaKTepH3yK)mee        3(|)<f)eKTHBHOCTb        npouecca 

CTHMyjiHpoBaHHoro HcrrycKaHHH, paBHO 

IT/Isp=(eQ-l)/Q (23) 

BHAHO, HTO 3aMCTHoe npeBbiuieHHe noTOica HHAyuHpoBaHHbix (JWTOHOB 
HaA 

cnoHTaHHbiM (J)OHOM Ha6jnoAaeTCJi npn 3HaneHHHx napaMerpa KanecTBa Q , npeBocxoAamnx 

HecKOJibKo eAHHHu (HanpHMep, IT /1^ > 5 npn Q > 2,6). HHHMH cjiOBaMH HCO6XOAHMO, 

HTOÖbl 

•oC 



b«l; L/b»l;   ' Q>1 (2£0 

OflHHM H3 npeHMymecTB Hcnojib30BaHHfl CBo6oflHbix *mep AJI* sKcnepnMeHTOB no 

CTHMyjinpoBaHHOMy raMMa-HcnycKaHHio flBjmercH B03MO>KHOCTb 6biCTporo 

MaHHnyjiHpoBaHHJi HX nynKaMH, npaKTHMecKH HeAOCTynHaa B TBepAOTejibHon Bepcnn c 

Mecc6ay3poBCKHMH H30MepaMH. npoTOKOJi npnroTOBjieHH* ycHJiHBaromefi cpeAbi H3 

CBo6oAHbix a^ep COCTOHT H3 cjie^yiomeH nenn ocHOBHbix onepaunn [1]: HaKaHKa B 

yAajieHHOH ropaneH 30He; $opMHpoBaHHe aroMHoro HJIH HOHHOTO nyHKa, ero oxiia;>KAeHHe 

AJ1H    06pa30BaHHSf    CKpblTOH    HHBepCHH    H,    HaKOHeU.,    3aBepiIiaK)IAHH    npOUeCC   yCHJieHHfl 

cnoHTaHHoro H3JiyHeHna. CyMiwapHan npoAOJi>KHTejibHOCTb Bcex craflHH npHroTOBJieHna 

cpeAbi, aa^e npn nacTHHHOM coBMeujeHHH HeKOTopbix onepaunn, He AOJi^cHa cymecTBeHHO 

npeBOCXOAHTb BpeMfl >KH3HH rB030y5KAeHHOrO COCTOflHHfl, HTo6bI   COXpaHHTb AOCTaTOHHyK) 

KOHuempauHK) n2o K Hanany 3aKjnoHHTejibHon craAnn. 

3TO Tpe6oBaHHe BCTynaeT B npoTHBopeHHe c TeHAeHunen K yMeHbiueHHio BpeMeHH 

>KH3HH T, KOTopoe onpeAejifler r\ny6nHy oxna^cAeHHH nyHKa, Heo6xoAHMyio nnx 

npn6jiH>KeHHfl HeoAHOpOAHoro yuinpeHHJi JIHHHH    K ecrrecTBeHHOH paAnannoHHon uiHpHHe 

H    nOBblllieHHH   TeM   CaMbIM    K03<])<J)HUHeHTa   yCHJieHH«.    3TO    o6cTOHTe.nbCTBO   3aMeTHbIM 

o6pa30M MO>KeT 3aTpyAHHTb npHMeHeHHe coBpeMeHHbix MCTOAOB oxnaacAeHna aTOMHbix 

nonyjumnn c noMomwo onTHHecKnx jia3epoB. HecKOJibKO npome O6CTOHT AeJio cnpn 

MOHOKHHeTH3auHH nyHKa ero ycKopeHHeM B sjieicrpHHecKOM nojie [1] ,HOHB STOM cjiynae 

BpeMM oxjia>KAeHHJi BPHA Jin MO>KHO CAejiaTb cymecTBeHHO HH>Ke HecKOJibKHx ACCHTKOB 

HaHOceKyHA- 

no3TOMy npeACTaBJiJieT nnrepec B03MO>KHOCTb paAHKajibHoro ycTpaHeHHJi 

OTMeneHHoro npoTHBopennfl nyreM coBMemeHHJi nepBOH H noaneAHen craAnn npoTOKOJia, 

ocymecTBJiHH HaKaHK} y>Ke c<J)opMHpoBaHHoro H oxria>KAeHHoro 3apaHee nyHKa 

OAHOBpeMeHHO   H   napajiJiejibHO   c   nponeccoM   cTHMyjinpoBaHHoro   ncnycKaHHJi.   3TO 

OTKpblBeT   B03MO>KHOCTb   HCnOJIb30BaHHJI   KOpOTKOHCHByiAHX   COCTOHHHH   CO   3HaHHTeJIbHOH 

paAHaunoHHOH uinpHHOH, MTO ocBo6o>KAaeT OT Heo6xoAHMOCTH B CBepxrjiy6oKOM 

"oxjiaA>KeHHH" »AepHoro nyHKa. . ^ 

3Ta pa6oTa HacraHHO noAAep>KaHa POOH (rpaHT M> 96-0201768a) H IIporpaMMOH 

EOARD (npoeKT SPC96-4033.) 
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Appendix 5 

HHflyi4npoBaHHaa aHHurwiKMUfl aTOMOB no3HTpoHiifl npu BHeuiHeM 

nofl>Knre 

A.A.3adepHoecKuü, J1.A.PUGJJUH 

1. BßefleHMe 

AHTHMaTepHH,       KaK       HfleaJlbHfalH       HCTOHHHK       COCTOflHHH       C       OTpHUiaTeJIbHOH 

TeMnepaTypofi [1, 2], aaBHO npHBJieKaeT BHHMaHHe HCCJieflOBaTejieH, wmymux nyrH K 

nojiyneHHio KorepeHTHofi reHepauHH raMMa-KBaHTOB H, B KOHCHHOM HTore, co3ßaHHio 

raMMa Jiasepa. Oco6eHHO nacTo, KaK HaHMeHee 3K30THHecKaa, paccMarpHBanacb B STOM 

OTHOiueHHH peaKUHJi aHHHrmumHH sjieKTpoHOB H no3HTpoHOB [3-10]. B flaHHOH pa6oTe 

HCCJieayeTCJi   B03Mo>KHOCTb   BHeiimero   nofl^cnra   BcrpeHHbiMH   (JJOTOHHMMH   nyHKaMH 

JiaBHHOo6pa3HOH HHAyUHpOBaHHOH aHHHrHJWUHH aTOMOB n03HTpOHHa. 

KaK H3BeCTHO [11], npH MaJlblX OTHOCHTeJIbHblX CKOpOCTHX CBOÖOflHblX 3JieKTpOHOB 

H no3HTpoHOB v<CKC (a - nocTOHHHaH TOHKOH CTpyKTypbi, C - CKopocTb CBeTa B BaKyyMe) 

craHOBHTca cymecTBeHHbiM Ky^OHOBCKoe npHTHJKeHHe MOK^y nacrauaMH H HX 

aHHHrHjiHijira npoHcxoflHT B 6ojibuiHHCTBe cjiynaeß nepe3 crapyao o6pa30BaHHH 

BOflopoflonoflo6Horo cBH3aHHoro COCTOHHHH 3-JieKTpoHa H no3HTpoHa - aroMa no3HTpoHHH. 

B HH3uieM 3HepreTHHecKOM cocTOHHHH aTOM no3HTpoHHH cymecTByer B flByx BHflax: c 

aHTHnapanjiejibHbiMH cnHHaMH sjieicrpoHa H no3HTpoHa (napano3HTpoHHH) H 

napajiJiejibHbiMH cnHHaMH sjieicrpoHa H no3HTpoHa (opTono3HTpoHHH). OcHOBHoe 

cocTOJiHHe opTono30TpoHHJi co CüHHOM paBHbiM czjHHHue TpexKpaTHo Bbipo>KaeHO no 

npoeKUMWM cnHHa H nosTOMy aroMOB opTono3HTpoHna o6pa3yerca B TpH pa3a öojibiiie, neM 

aTOMOB napano3HTpoHHJi. B CHjiy 3aKOHOB coxpaHeHHa SHepraH H HMnyjibca H 3aKOHa 

COXpaHeHHH    3apjmOBOH     HeTHOCTH     npH    3JieKTpOMarHHTHbIX     B3aHMOÄeHCTBHflX,     aTOM 

napano3HTpoHHH aHHHrHjinpyeT c HcnycKaHHeM TOJibKO HCTHoro HHCJia (flßyx H 6ojiee) 

4)OTOHOB, a aTOM opTono3HTpoHHH - c HcnycKaHHeM TOJibKO HenerHoro HHCJia (Tpex H 

6ojiee) C[)OTOHOB. B CBJBH C STHM, 06a -BH^a aTOMOB no3HTpoHHa- OKa3biBaiOTCH 

Hpe3BbiHaÖHO    npHBJieKaTejibHbiMH    fljia    npHMeHeHHH    Meroaa    BHeuiHero    noa^cHra 

HHflyUHpOBaHHOH aHHHrHJIJmHH C nOMOUJbK) BCrpeHHblX HHTeHCHBHblX (J)OTOHHbIX nyHKOB. 
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2. MeTOA BHeuiHero noflxcwra MHflyqupoBaHHOM aHHurminuwn no3iupoHkm 

MeroA BHeuiHero noA>KHra BcrpeHHbiMH (|)OTOHHbiMH nyHKaMH AByxKBaHTOBoro 

npouecca CTHMyjiHpOBaHHoro HcnycicaHHfl Bnepßbie npefljioaceH B [12]. Bo3MO>KHOCTb 

npHMeHeHHH 3Toro MeroAa K KOJICKTHBY cBo6oAHbix B036y>KAeHHbix a^ep noßpoÖHO 

paccMOTpeHa B [13]. IloKa3aHO, HTO B OTJIHHHC OT OAHOKBaHTOBoro npouecca HcnycicaHHa c 

AonjiepoBCKHM yuiHpeHHeM JIHHHH ycHJieHHH, B npouecc HHAyuHpoBaHHoro H3JiyneHHH 

raMMa KBaHTOB BO BcrpenHbix nynicax (J)OTOHOB C SHepruaMH 6JIH3KHMH K nojiOBHHe 

SHeprHH üflepHoro nepexo^a BOBjieicaiOTCH npaKTHHecKH Bee »Apa, He3aBHCHMO OT HX 

cjiynaHHbix HHAHBHAyajibHbix CKOpocreH. IIpH 3-TOM, ycTaHaBjiHBaercji npHcymnö jinuib 

AByXKBaHTOBOMy    CTHMyjlHpOBaHHOMy     HCnyCKaHHK)     CneUHajIbHblH     BHA    AHHaMHHeCKOH 

pacnpeAejieHHOH o6paTHofi CBJI3H 6e3 KaKHx-jiH6o OTpa>KaiomHx CTpyiayp. HejiHHeHHOCTb 

oöpaTHOH CBJI3H Bbi3biBaeT jiaBHHOo6pa3Hoe CH^THe B036y>KAeHH5i flAep, 

conpoBO^cAaromeecH H3JiyneHHeM rHraHTCKoro HMnyjibca raMMa KBaHTOB. 

IIpHMeHeHHe MeroAa BHeuiHero noA>KHra K aHcaMGjuo aTOMOB no3HTpoHHH HMeer 

pw ocoGeHHOCTeu [14] , o6ycjiOBjieHHbix aHHurnjuiuHeH no3HTpoHHa B npouecce 

H3JiyHeHHfl, TO ecTb HC4e3H0BeHHeM HOCHTejia HMnyjibca npw ncnycicaHHH raMMa KBaHTOB. 

B CB5I3H c 3THM, HanpHMep, aHHHrHjiflUHfl noKOsiuierocH aTOMa napano3HTpoHHH 

conpoBoacAaeTCH HcnycKaHueM Aßyx KBaHTOB CTporo npoTHBonojiojKHoro HanpaBjieHHH H 

OAHHaKOBOH 3HeprHH TLCOQ «mC =0,511 M3B , paBHOH nOJIOBHHe 3HeprHH OCHOBHOrO 

COCTOJIHHfl. ^BHJKyUIHHCH tfce C HeKOTOpOH CKOpOCTbK) V aTOM napan03HTpOHHH He M05KCT 

(B OTJiHHHe OT CBOÖOAHoro aApa) HcnycTHTb Aßa OAHHaKOBbix raMMa KBanra B 

npoTHBonojiojKHbix HanpaBjieHHHx. AHHunurauHfl napano3HTpoHH5i nperorrcTByeT 

BbinojiHeHHK) 3aKOHa coxpaHemui HMnyjibca B 3-TOM npouecce. IIosTOMy JIHHHJI 

aHHHrHjiHUHOHHoro H3JiyHeHHH KOJijieKTHBa aTOMOB napano3HTpoHHH HMeer AonjiepOBCKyio 

uiHpuHy Aö)DH npu oGjiyneHHH BcrrpeHHbiMH noA>KHraK>iuHMH nyHKaMH (JJOTOHOB, 

cocpeAOToneHHbix   B   nacTOTHOÜ   nojioce   Ad)    B6JIH3H   nacTOTbi    O)0    ,   B   npouecc 

HHAyUHpOBaHHOH      aHHHrHJDIUHH      OKa3bIBaiOTCJI      BOBJieneHHblMH      JIHUIb      Majiaa      AOJIH 

£ = Act)//S.O)D aTOMOB no3HTpoHna, npHHaAJiOKamnx ueHTparibHOMy ynacncy HX 

CKOpocTHoro pacnpeAeJieHHH B6JIH3H V=0 . 
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B03HHKaK)mHe   ß   CBH3H   C  3THM   nOBblUieHHbie  TpeÖOBaHHH   K   MOHOKHHeTHHHOCTH 

nyHKa aTOMOB no3HTpoHHH Moryr 6faiTb yflOBjieTBopeHbi c noMombio pa3JiHHHbix MeroflOB 

npe^BapHTejibHOH   MOHOKHHenßauHH   sjieierpOHHoro   H   no3HTpoHHoro   nynKOB,   npH 

CMeuiHBaHHH   KOTOpblX   o6pa3yeTCfl   n03HTpOHHH.   IIpOCTeHIIIHM   H3   HHX   HBJWCTCH   MCTOfl 

ycKopeHHH 3apa>KeHHbix Hacran npH OAHOBpeMeHHOM B03AeftcTBHH HMnyjibCHoro 

ajieicrpHHecKoro nojw Ha Bee HacTHUbi, coflepjKamHec» B MOKSJieinpoflHOM npoMKKynce 

[15]. 

Ba^cHbiM    npeHMymecTBOM    aTOMOB    no3HTpoHHH    nepefl    >mpaMH    HBjiaeTCH 

B03MO>KHOCTb HCnOJlb30BaHHfl peJIHTHBHCTCKHX n03HTpOHHCBbIX nyHKOB, HTO CyiHeCTBeHHO 

CHH5Kaer Tpe6oBaHHa K ncTOHHHKy nojpKnraioinHx (JJOTOHOB BcrpeHHoro HanpaBjieHiw. Taic, 

3HeprHfl nofl»HraK)mHx $OTOHOB, KOTopaa B cncTeMe noKOH napano3HTpoHHJi ÄOJüKHa 

6biTb paBHofi TIQ)Q « mc   = 0,511 MSB MoaceT 6biTb yMeHbineHa 6naroflapa aonjiepOBCKOH 

TpaHC(|)opMaiiHH mo BejiHHHHbi fiCO^     onpeflejiaeMofi paBeHCTBOM 

mc2 

i8""r + (r2-i),/2 (i) 

TJXQ Y - pejiHTHBHCTCKHH (|)aKTop nyHKa aTOMOB no3HTpoHH>i. HanpHMep, npn SHeprHH 

sjieicrpoHOB H no3HTpoHOB B nyHKe mc2/ « 260 MSB (y « 500 ) 3Heprn* noaxnraioinHX 

4)OTOHOB MO^cer 6biTb yMeHbineHa B 10  pa3 H CTaTb paBHOH Äfi?ign=0,5K3B. 

OßHOBpeMeHHO   C   3THM,   B   CHCTeMe   KOOpAHHaT   flBH>KymeHCH   BMeCTe   C   aTOMaMH 

no3HTpoHHH B y  pa3 yBejiHHHBaeTCH njiOTHOCTb (J)OTOHOB BO BCTpeHHOM no/pKHraiomeM 

nyHKe, a yrnoBaa pacxoAHMOCTb AQ. yMeHbuiaeTca B \y + (y -1) &Ay pa3. B 

pe3yjibTare, apKOCTb (cneiapajibHO-yrjiOBaH njiOTHOCTb noTOKa <J)OTOHOB) 3Toro nyHKa 

4>OTOHOB B03pacTaeT B Ay   pa3, HTO «JW npHBeaeHHoro HHCJICHHOTO npnMepa cocTaBjweT 

3HaHHTejTbHyK> BejlHHHHy 5.10    . 

Pa3yMeeTCH apyrofi nynoK 4>OTOHOB, coBnaflaiomnH c HanpaBjieHneM ;jBH>KeHHH 

aTOMOB   no3HTpoHHfl,   HcnwTbiBaeT  oöpaTHyK»  TpaHC(|)opManHio   H,   nosTOMy,   SHeprna 

nozpcnrafomnx (})OTOHOB B HeM aoji>KHa 6brrb Hpe3BbinaHHO 6ojibmon 2mc /=0,5r3B. 
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CjieflyeT OTMeTHTb, OAHaico, HTO {JJOTOHM HPKHOH sHeprnH H Hy^cHoro HanpaBjieHiw 

po)KflaK)TCfl B Kaaq^oM aicre AByxKBaHTOBofi cnoHTaHHO-CTHMyjiHpoBaHHoft H3JiyHaTejibHOH 

aHHHrHJIHUHH aTOMOB napan03HTpOHH3, BbI3BaHHOH OflHHM TOJlbKO nepBbIM noA^cHraromHM 

nyHKOM. B TaKHx paflHauHOHHbix nepexoAax BHeuiHee sjieicrpOMarHHTHoe H3JiyHeHHe 

CTHMyjiHpyeT jiHiiib oflHy nacTb AßyxKBaHTOBoro nepexoAa K HcnycKaHtno <})OTOHa, BTopofi 

>Ke (J)OTOH H3JiyHaeTca cnoHTaHHO. IIpH 3TOM, corjiacHo 3aKOHaM coxpaHeHiw sHepran H 

HMnyjibca B cHCTeMe noicofl aTOMa no3HTpoHHa nacTOTbi O6OHX 4>OTOHOB coBna^aiOT, a 

HanpaBJieHHe BbijieTa cnoHTaHHoro (j)OTOHa CTporo npOTHBonojioxoio HanpaBjieHmo 

CTHMyjiHpyiomero H3JiyHeHHJi. Po>KAeHHbie TaKHM o6pa30M cnoHTaHHbie 4)OTOHM HAeanbHO 

noflxoflHT   fljia   nocjreAyiomero   ynacTHH   B   aicrax   AByxKBaHTOBofi   CTHMyjinpoBaHHo- 

CTHMyjIHpOBaHHOH   aHHHrHJMHHH   aTOMOB   n03HTpOHHJI   H,   CJieflOBaTejIbHO,   MoryT   Hrparb 

pojib BToporo noA>KHraiomero rrynica. 

HeoöxoAHMO noAHepKHyTb, HTO TaKaa »cecTKaa CBH3b Me>KAy CTHMyjiHpoBaHHbiM H 

cnoHTaHHbiM (J)OTOHaMH yHHKajibHa HMeHHO AJW npouecca aHHHrajiauHH, KorAa 

npoHCXOAHT Hcne3HOBeHHe H3JiyHaTejra. IIpH «AepHbix AByxKBaHTOBbix cnoHraHHO- 

CTHMyjiHpoBaHHbix nepexoAax yroji BbijieTa cnoHTaHHoro (pOTOHa no OTHOHICHHIO K 

HanpaBjieHHK) crHMyjinpyioiuero H3JiyneHHa MOKCT H3MeH>iTbCfl B iunpoKHx npeAejiax OT 0 

AO IK , a HMnyjibc OTAann npHHHMaeT Ha ceöa «Apo. 

CneuH^HHecKHMH    CBoßcTBaMH    o6jiaAaeT    BHCIHHHH    noA>KHr   TpexKBaHTOBoß 

HHAyUHpOBaHHOH aHHHrHJWHHH OpTOn03HTpOHHfl. B CHJiy 3aKOHOB COXpaHCHHfl SHepTHH H 

HMnyjibca,   SHeprHH   h(Dl,fiO)2,hco?i   Tpex   HcnymeHHbix   aHHHrajiauHOHHbix   (J)OTOHOB 

AOJDKHbl H306pa>KaTbCH AJIHHaMH CTOpOH TpeyrOJIbHHKa C nepHMeTpOM 2lIlC . Il03T0My 

BeKTOpbl   HMnyjlbCOB   3THX   CpOTOHOB   H   yrjlbl   MOKAy   HHMH   nOJIHOCTbK)   onpeAejiflioTCH 

3aAaHHeM SHeprafi Aßyx «POTOHOB. IIpH STOM, ecjiH Aßa (pOTOHa HMCIOT cyMMapHyio 

SHeprrao fiCOx + TKO2 = mc , TO HMnyribCbi Bcex Tpex (|)OTOHOB AOJI^HH jieacaTb Ha OAHOH 

npaMOH H TpeTHH (pOTOH c SHeprneH ha)3 = mc HcnycKaeTCH B HanpaBjieHHK B TOHHOCTH 

oöpaTHOM HanpaBjieHHK) HcnycicaHHfl nepBbix Aßyx. JIjw BHeuiHero noA>KHra "nojiHocrbK)" 

CTHMyjinpoBaHHOH aHHHrHJWUHH Tenepb noTpeoyerca Tpn nynica (pOTOHOB - ABa 

napajiJiejibHbix B OAHOM HanpaBjieHHK H OAHH B npoTHBonojioacHOM HanpaBjieHHH. 
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Oco6oe     3HaneHHe     HMeer     Bbipo>KAeHHbiH     cjiynafi     paßeHCTBa     sHepniH 

%COl-%0)1= mc2/2, Kor^a flBa napajuiejibHbix noTOKa <})OTOHOB oflHoro HanpaBjieHira 

CJIHBaHDTCH   B   OflHH   nOTOK,   Ka^CflblH   $OTOH   KOTOpOrO   HHAyUHpyeT  B   aKTe   aHHHnUIflUHH 

opTono3HTpoHHH HcnycKaHHe cpa3y AByx KBaHTOB c sHepraefi hü) = mc /2. B pe3yjibTare 

K03(^4>HUHeHT ycHjieHHH 3Toro nyHKa (})OTOHOB B03pacTaer BflBoe no cpaBHeHHK) c nyHKOM 

BCTpeHHblX       (})OTOHOB.        HpH       3TOM,        yCJIOBHfl       flOnJiepOBCKOrO       peJIHTHBHCTCKOrO 

npeo6pa30BaHHJi nacTOTbi noA>KHraiomHx (JDOTOHOB B STOM nynice BABoe 6ojiee ivwrKHe, neM 

npn nofl^cHre AByxKBaHTOBOH HHAyuHpOBaHHofi aHHHnuiflUHH napano3HTpoHHH (1). 

HanpHMep,  npn SHepraH noAHCHraiomHX <J)OTOHOB   /i<yign=0,5K3B Tenepb AOCTaroHHO 

HCnOJIb30BaTb pejWTHBHCTCKHH nyHOK aTOMOB OpTOII03HTpOHHfl C SHeprHefi SJieKTpOHOB H 

no3HTpoHOB    mc2f = 130 MsB    (;r«250)    npoTHB   260MsB   fljia   AByxKBaHTOBOH 

aHHHrHjiauHH napano3HTpOHH5i. 

HenpeMeHHbiM arpHGyroM cTHMyjiHpOBaHHOH aHHHrHjrauHH no3HTpOHH» B nojie 

AByx BCTpeHHbix nyHKOB 4>OTOHOB HBjiHercH AHHaMHHecKaa pacnpeAcneHHaa oöpaTHaa CBH3b 

MOKfly BCTpeHHblMH BOJIHaMH. Po>KfleHHbie <j)OTOHbI nO CaMOMy CMblCJiy HHflyUHpOBaHHOrO 

H3JiyHeHna OKa3biBaiOTC« 6e3ynpeHHO c<J)a3HpoBaHHbiMH H nonaAaiOT B Hy^Hyio MOAy. 

HejiHHeHHOCTb oöpaTHOH CB5I3H onpeAejiaer AHHaMHKy ycnjieHHa BCTpeHHbix nyHKOB 

(J)OTOHOB H npn onpeAejieHHbix ycnoBHflx Bbi3biBaeT jiaBHHOo6pa3Hyio HHAyuHpoBaHHyio 

aHHHrHJIHUHK)   aTOMOB   n03HTpOHHJI,   KOTOpafl   COnpOBO>KAaeTCJI   H3JiyHeHHeM   THraHTCKOrO 

HMnyjibca raMMa KBaHTOB. 

3. A^HaMMKa ycuneHMH BCTpeHHbix noflWMraroiUHX nyHKOB. riapano3MTpoHHM. 

B CHCTeMe KoopAHHaT, ABH5KymeHCH BMecTe c nyHKOM aTOMOB napano3HTpoHHH c 

T T* 
KOHueHTpauHen N , ycnjieHHe BCTpeHHbix noTOKOB raMMa KBaHTOB c njiOTHOcno  I   H  1 

[CM'V
1
] B TejiecHOM yrne AQ. H cneicrpajibHOH nojioce A(DQ = 1/r , paBHoft oöparaoMy 

BpeMeHH 5KH3HH napano3HTpoHHfl, onHCbiBaercH B cTanHOHapHOM cjiynae ypaBHeHHSMH 
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— = ß(sN-T)II*+y£N(I + I*) + e0£~-cr(N+ + N_)I 
dz ^ T (2) 

- — = ß(£N-l)II*+y€N(I + I*) + s0£—-a(N+ + N_)r 
dz T 

(3) 

rm     MHO>KHTejib      £ = A<y0/AfyD      noKa3biBaer     AOJIIO     aTOMOB      no3HrpoHHH, 

B3aHMOaeHCTByK)mHX   C   BHeUIHHMH   nOJPKHraFOmHMH   TiyHKaMH   4*OTOHOB,   (N++N_)   - 

coBOKynHoe HHCJIO ajieiopoHOB H no3HTpoHOB B nyHKe. üepBbie HJieHbi ypaBHeHHH 

OTBenaiOT 3a flßyxKBaHTOBoe cTHMyjiHpOBaHHoe HcnycKaHHe HJIH norjiomeHHe <J)OTOHOB C 

K034)(J)HUHeHTOM ß   [CMV] npH aHHHrHJUIHHH HJIH pOKfleHHH aTOMOB n03HTpOHHH, BTOpbie 

HJieHbi yHHTbiBaroT cnoHTaHHo-CTHMyjinpoBaHHoe  HcnycKaHHe (JIOTOHOB  BO  BcrpeHHbie 

nyMKH I  H I     C  K03(J)4)HHHeHTOM   J    [CM ],  TpCTbH  HJieHbi  OuHCblBaiOT HHCTO  CnOHTaHHOe 

HcnycKaHHe, npHHeM MHO>KHTejib £0 = AQ/4;T noKa3biBaeT aojiio (JIOTOHOB, nonaaaiomHX 

B TeJiecHbiH yroji AQ, oxBaTbmaiomHH nyHKH I H I , H nocjie^HHe HJieHbi xapaKTepH3yiOT 

nojiHbie noTepn (|)OTOHOB 
H3 Ka>Kfloro nynica c ceneHHeM pacceaHHH u [CM ]; Z - 

npOflOJibHaa KOOpflHHara 30Hbi ycHJieHHfl c AJIHHOH L . 

IIojio>KHTejibHoe ycHjieHHe c dl/dz > 0 H - dl /dz > 0 flocTHraeTca ecjiH 

2/?(>N - 1)11* > [o-(N+ + N_) - 2/£N](I +1*) - 2s0£N/r . (4> 

OTCKDfla, BBOflfl HHTeHCHBHOCTH nOÄ5KHraK>mHX nyHKOB (})OTOHOB  Ij      H  Ij      = I-     hu   Ha 

Bxozie B oÖJiacTb ycHJieHHJi, nojiynaeM ycjioBHe, KOTopoe MO>KHO paccMaTpHBaTb KaK 

noporoßoe ana noA>KHra 

Iign>I0(1 + //), C>Io(1 + M)/M      ■ (5) 

o-(N+ + N_)/N0-2fi^ 
Io = 

2£ß (6) 

5g 



H nocjieAHHH HjieH B (4) onymeH H3-3a ManocTH~MHO>KHTeji5i S0, a TaioKe npeflnojiaraeTCH, 

HTO HanajibHaa KOHueHTpaijHfl aTOMOB no3HTpoHna  N0  AOCTaroHHO BejiHKa, TaK HTO 

£N0 »1. 

ECJIH HHTeHCHBHOCTH BCTpeHHbix nyHKOB cymecTBeHHO npeBbiinaiOT noporoBMH 

ypoBeHb, TO B ypaBHeHHHx (2), (3) MO>KHO npeHe6penb BCCMH HjieHaMH, KpoMe nepBbix. 

Tor/ja nojiynaeM 

dI__dT 
dz       dz 

= ßsWI* 
(7) 

oTKyaa d(I + I*)/dz = 0 H I +1* = Iign + I*ut = I*gn + Iout = const , rae Iout H I*ut - 

HHTeHCHBHOCTH nyHKOB Ha Bbixofle H3 oGjiacTH ycHJieHHa. Pe3yjibTaroM HHTerpnpoBaHHH 

CHCTeMbi (7) HBJiaeTCH TpaHCHeHfleHTHoe ypaBHeHHe nm "HHCToro" 3HaneHHa BbixoAHofi 

HHTeHCHBHOCTH I„ = IQut - I;      = I*ut - Iign   Ha flJIHHe yCHJieHHH L 

I 
-1    r 

V^gn 
^+^+Ju In 

/ 

ign 

V 
JL.+ 1 

Mign J V     1ign J 

= Iign^NL 
(8) 

rae N - cpeflHflfl KOHueHTpaHHH aTOMOB no3HTpoHHfl B nynice 

1 L 

N = - |N(z)dz 
(9) 

PetueHHe 3Toro ypaBHeHHfl npeAcraBjieHO Ha pnc. 1 B BH^e 3aBHCHMOCTH In/Iign OT 

napaivieTpa aKTHBHOcTH ycnjiHBaiomeH cpeAbi A = Iign/teNL mm pa3JiHHHOH cTeneHH 

accHMMerpHH HHTeHCHBHOCTen noA>KHraK)mHx nyHKOB <J)OTOHOB JU . 

OcoGeHHOcTbK) KpHBbix HBJweTCH Hx He0AH03HaHH0CTb H rHCTepe3HCHbiH xapaKTep. 

npH    flOCTH^ceHHH    napaMCTpa    aKTHBHOCTH    A    KpHTHHeCKOrO    3HaneHHa     npOHCXOAHT 

jiaBHHOo6pa3HbiH cKanoK Ha BepxHHH ynacTOK S - o6pa3Hbix KpHBbix H pe3Koe B03pacTaHHe 

cKOpocTH HHAyunpoBaHHOH aHHHrHjwuHH, conpOB05KAaK)ui;eeca rajiyneHHeM rnraHTCKoro 

HMnyjibca raMMa KBaHTOB. 
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HeoÖXOflHMO  OTMeTHTb,  HTO  pa3pbIBHbIH XapaKTep  KpHBblX Ha pHC. 1   HMeer CBOefi 

npHHHHOH fleficTBHe AHHaMHHecKOH pacnpeflejieHHOH oöpaTHoft CBJBH Me>Kfly BCTpeHHbiMH 

noTOKaMH 4>OTOHOB  [16].  Ko34>4)HUHeHT o6paTHOH CBH3H p  ,  onpeaejweMbiH nepe3 

npnpameHHe njioTHOCTH noTOKa <J)OTOHOB oGparaoH BOJIHM dl Ha sjieMenre AJIHHM dz 

no,a AeficTBHeM np^MOH BOJIHW C njiOTHOCTbK) noTOKa I, HMeeT BH^ 

I dz (10) 

HejiHHeHHbifi  xapaicrep  CBJBH  Meatfly  BCTpeHHbiMH  BOJiHaMH  oöyanoBjieHHbiH  aicraMH 

CTHMyjIHpOBaHHO-CTHMyjIHpOBaHHOH aHHHrHJWUHH napan03HTpOHHH npHBOflHT K pocry 

K034>(J)HUHeHTa   CBH3H/7    BMeCTe   C    I      ,   HTO   H   ÜBJUl&TCH   npHHHHOH   jiaBHHOo6pa3Horo 

pa3BHTHJi npouecca HHflyuHpoßaHHOH aHHHrHjmuHH. 

3. BepojiTHOCTb MHAyunpoBaHHOM aHHWwmMMM napano3MTpoHMJi 

CBH3b     Me^Cfly     BepOHTHOCTbK)     CnOHTaHHOH     H     HHAyUHpOBaHHOH     aHHHrHJIflUHH 

napano3HTpoHHa npome Bcero ycTaHOBHTb c noMombio cooTHOiueHHJi 3HHiiiTeHHa Meac^y 

cneKTpajibHbiMH K03(J)(|)HUHeHTaMH cnoHTaHHoro H3JiyHeHH« A(co) H HHflyUHpOBaHHOrO 

H3JiyneHHH B(&)) [17] 

A     hco2 

2   3' B    K c (n) 

rae  K034)(J)HUHeHT   A(ü))   onpeflejraeT  BepOHTHOCTb  cnoHTaHHoro   H3JiyHeHHH  <J)OTOHa 

nacTOTbi CD B cneKTpajibHbrä HHTepßaji du) H HHrepBaji TejiecHbix yrjioß dQ. 

dQ 
dWs = A(co)do) 

AK
 ' (12) 

a  K03<|)(j)HUHeHT   B(tf))    -   BepOJITHOCTb   CTHMyjlHpOBaHHOrO   H3JiyHeHHfl   CpOTOHa  TOO   ace 

nacTOTbi - r 

dWj = B(o))U(o),0,(p)dcoda (13) 

Gö 



B npHcyrcTBHH ajieicrpoMarHHTHOH BOJiHbi co crieicrpajibHO-yrjiOBOH njioTHOCTbio SHepniH 

XJ(co,0,(p). C noMombK) cooTHomeHHH 3HHiirreHHa (11) nepennmeM (13) B B*me 

yao6HOM nnx AaJibHefimero npHMeHeHHfl 

dWj = (Ä2/4)A(a))I(Q),k)dadn <14) 

me l(o),k) = I((0,6,<p) - cneKTpajibHO-yniOBaji njioTHOCTb noTOKa <|)OTOHOB (apKOCTb) 

CTHMyjlHpyiOmerO H3JiyHeHHfl C flJIHHOH BOJIHbl A H BOJIHOBblM BeKTOpOM k. 

BepOJITHOCTb      B      eAHHHLjy      BpeMeHH      flByXKBaHTOBOH      CnOHTaHHO-CnOHTaHHOH 

aHHHrHJiauHH aTOMa napano3HTpoHHa c H3JiyneHHeM <j)OTOHa nacTOTbi CO B cneicrpajibHbiH 

HHTepBaji 6.0) H HHTepBan TejiecHbix yrjioB dQ paBHa 

dQ 
dWss = Wssg(o) -ojQ)do)—- , 

*n (15) 

rae Wss = 1/r - oöpaTHoe BpeMa >KH3HH napano3HrpoHHfl, Wss = a IX1C /(2fr) = 

0,8.1010 c"1 [11], g(co) - (])yHKUHfl JIopeHua c IHHPHHOH ACO0 = 1/r H fra>0 = mc . 

Hcnojib3yfl flBaacflbi  nepexoa OT (12)  K (14),  HafifleM CHanajia BepoaTHOCTb B 

eZlHHHUy BpeMeHH CnOHTaHHO-CTHMyjIHpOBaHHOH aHHHrHJIHHHH 

dWls = (^2/4)Wssg(^-co0)l(oj,k)dcodQ. > (16) 

a 3areM H cTHMyjiHpOBaHHO-CTHMyjiHpoBaHHOH aHHHrHjiaqHH napano3HTpoHHa 

dWü = (xÄA/4)Wssg(co - oj0)l(oj,k)l\oj-k)do)dQ. (17> 

BO  BCTpenHbix noTOKax CTHMyjinpyiomero  rojiyneHHfl  c apKOCTbio  (|)OTOHHbix nyHKOB 

l(ö,k) H r(ö,-k). 

CooTBeTCTBeHHO, CKopocTHaa KOHCTaHTa y B ypaBHeHH^x (2), (3), OTBeHaiomaa 3a 

BKJiaa cnoHTaHHO-CTHMyjinpoBaHHOH aHHHrHJiauHH, paBHa 

6/ 



rae AQ = 27rfr/(mc) =2,4.1 0"
10

CM ecTb KOMnTOHOBCKaa AJiHHa BOJIHW H ;K =0,9.10" 

20
CM

2
, a CKopocTHa« KOHCTamra ß , Aaiomaa BKJiaA CTHMyjmpoBaHHO-CTHMyjiHpoBaHHbix 

aicroB aHHHrHJiauHH HMeeT BHA 

At      1 
/? = 

'-c 

2 AcOnAO. 0A1Z (19) 

4. HiicjieHHbie oijeHKii pj\n napano3MTpoHiifl 

HHCueHHbie oueHKH npeAcraBjieHbi AJIH nyHKa, B KOTOPOM aroMOB napano3HTpoHHH 

B    102    pa3    MeHbiue,    neM    CBOGOAHMX   ajieicrpoHOB    H    no3HTpoHOB,    a    CTeneHb 

MOHOKHHeTHHHOCTH  TaKOBa,   HTO   AOJIH   aTOMOB   napan03HTpOHHH,   B3aHMOAeHCTByK>IAHX  c 

4)OTOHHbiMH nyMKaMH, cocTaBjiaeT £ = 10 

IIoporoBbie apKOCTH noa^KHraioLUHx nyMKOB (})OTOHOB oueHHBaiOTCH no (5) H (6) 

BejiHHHHaMH li&l / (Aü)0AD.) > 8.1022 CM"
2
 cTpaa'1    H    I*gn/(A&>0AQ) >8.1020 CM"

2 

CTpaA"1, rae npHrorr K03(p4)HUHeHT accHMMerpHH ju=\00 H ynreHO, HTO OCHOBHOH 

npHHHHOH noTepb raMMa KBaHTOB H3 nyHKa «BjiHeTca KOMnTOHOBCKoe paccejmne 4>OTOHOB C 

ceneHHeM B paccMarpHBaeMOH oGjiacra nacroT paBHbiM [11] <T« 0,4(87r/3)r0 = 

2,6.10"25 CM
2
 (r0 - KJiaccHHecKHH paflHyc sjieicrpoHa, r0=2,8.10"  CM). 

napaMerp aicraBHOCTH cpeflbi, KPHTHHCCKHH nnn Hanajia nojpKura jiaBHHOo6pa3HOH 

HH^yuHpoBaHHOH        aHHHrHJiauHH        napano3HTpom«i        onpeAejmercji        ycjiOBneM 

A = (I- /feNL) ~1 (CM. pHc.l), KOTOpoe AJIH noporoBoro 3HaneHHa »pKOcra 

noAÄHraromero <})OTOHHoro nyHKa Iign/(A<2?0AQ) =8.10 CM"
2
 crpaA"1 MOHCCT 6biTb 

yflOBjieTBopeHO, HanpHMep, npH N = 10 CM"
3
 H L = 10M . KpHTHnecKne 3HaneHna Acr H 

(ln/I-   )     jiorapH(J)MHHecKH cjia6o 3aBHCHT OT CTeneHH accHMMerpHH noA>KHra JU , HTO 

no3BOJwer HaAeflTbCH Ha crapT npouecca jiaBHHOo6pa3Hoß HHAyunpoBaHHofi aHHHrHjumnH 

n03HTpOHHH C ypOBHH UJIOTHOCTH nOTOKa CnOHTaHHblX (})OTOHOB, HcnymeHHbix npH 

cnoHTaHHO-CTHMyjiHpoBaHHbix  aicrax  aHHHnuumHH,  TO  ecTb  B  OTcyrcTBHe  BHeumero 

T* noA>KHraiomero nyHKa i . B STOM cjiynae HMeer CMHCJI ncnojib30BaTb npenMymecTBa 



peJUITHBHCTCKOrO   £BH>KeHHfl   aTOMOB   n03HTpOrfHfl.   KaK   yKa3bIBaJIOCb   BblUie,   BCTpeHHOe 

ABH>KeHHe aTOMOB n03HTpOHHJI B nyMKe C pejWTHBHCTCKHM (}>aKTOpOM  y « 500  n03BOJMer 

B  4/3=5.108  pa3 CHH3HTb apKOCTb nofl>KHraiomero (J)OTOHHoro nyHKa. KpOMe Toro, 

SHeprHH (J)OTOHOB B nofl>KHraK)meM nynKe MO^cer 6biTb CHHaceHa, coraacHO (1), B 2y=10 

pa3. B HTore, noporoßoe 3HaneHHe cneicrpajibHO-yrjiOBOH njiOTHOCTH noTOKa aHepran B 

no«>KHraioiueM nynKe cocTaBHT 0,8.10     sB CM"   crpafl"   , HTO nona^aeT B flHana30H 

flOCTH>KHMbIH C nOMOLUbK) peHTTeHOBCKHX Jia3epOB. 

5. flMHaMMKa ycuneHMH BCTpeMHbix noflwurawmux nyHKOB. OpTono3MTpoHuii. 

JIaBHHOo6pa3Hoe H3JiyHeHHe raraHTCKoro HMnyjibca raMMa KBaHTOB npoHCxo^HT H 

npH BHeuiHeM nOipKHre TpeXKBaHTOBOH HHflyUHpOBaHHOH aHHHrHJIflUHH OpTOn03HTpOHHH. 

B Bbipo>KfleHHOM cjiynae, Kor^a nojpKHr ocymecTBjmeTca flByM* BCTpeHHbiMH nynicaMH 

(|)OTOHOB    C    RJIOTHOCTflMH    nOTOKOB    I    H    I      H    3HeprHHMH    <})OTOHOB,COOTBeTCTBeHHO, 

Hco = ha>0/2 = mc2/2   H   fico* = fta>0 = mc2,   cTauHOHapHUH   npouecc   ycHjieHHH 

onHCbiBaercH CHCTCMOH H3 AByx ypaBHeHHH 

2dz       dz 

HHTerpHpoBaHHe STOH CHCTCMH npHBOflHT K TpaHCueHfleHTHOMy ypaBHeHHK) 

(20) 

In 
V     Jjgn        J 

- + 1 
V    Jign        ) 

2-^ + 1 + - 

+ 

2i 
ign 

V    ^ign M) 
2^ + 1 + - 

V    *ign M) 

f T=I^^NL 
2^5-+ 1 

V    lign       ) 

(21) 

rae In = I-gn - C = (l/2)(lign - Iout) - HHCTbiH BbixoA nyHKa I*, a Iign H I*gn = Iign/fi 

njiOTHOCTH BHeuiHHx nOTOKOB noa>KHraK)mHx 4JOTOHOB Ha Bxofle B o6jiacTb ycHJieHHa. 

PeineHHe 3Toro ypaBHeHHH npeflcraBjieHO Ha pHC.2 B BH^e 3aBHCHMOCTH   In/Iign   OT 

napaMeTpa aKTHBHocTH cpeflbi A = Iignj£NL npn pa3JiHHHbix 3HaneHiwx accHMMerpHH 

HHTeHCHBHOCTeft   IIOfl>KHraK)mHX   nyHKOB.   BH^Ha   HeOflH03HaHHOCTb   3TOH   3aBHCHMOCTH, 

<ob 



CBHfleTejibCTByiomafl     o     jiaBHHoo6pa3HOM~'   pasBHTHH     npoqecca     HHflyijHpoBaHHOH 

aHHHrHjmuHH npn KpHTHnecKHX 3HaneHHJix napaiweTpa aKTHBHOcra A = Acr ~ 1 . 

CKOpocTHan KOHCTaHTa % , Bxofljimaji B ypaBHeHHa (20), Mcmer 6biTb nojiyneHa 

cjie^yiomHM o6pa30M. HanaTb HaAO c BbipaaceHHJi RJIX BepojrraocTH B eflHHHijy BpeMeHHH 

CnOHTaHHOH    TpeXKBaHTOBOH    aHHHrHJWLlHH    C    HCIiyCKaHHeM    flByX    (})OTOHOB    HaCTOTbl 

* 
6) = C00/2    B   oflHOM   HanpaBjieHHH   H   Tperbero    <})OTOHa   nacTOTbi    CO  = CO0    B 

npoTHBonojio>KHOM HanpaBjieHHH B nacTOTHbifi HHTepBan dco H TejiecHbifi yroji dQ 

me W^0"* CB^3aHa c oöparHbiM BpeMeHeM >KH3HH opTono3HTpoHHJi 

(22) 

J_=2(^-9)g6W=071oV, 
r0 9TT h (23) 

cjieayiomHM cooTHomeHHeM [11] 

2 1 
W<°> = _2_3 (/r  -9)CO0T0 (24) 

IlpHMeHiw 3aTeM TPHJKAH nepexoa OT (12) K (14), npn^eM K Bbipa>KeHHK) ami CKOpocra 

"nOJIHOCTbK)"      HHflyUHpOBaHHOH     TpeXKBaHTOBOH      aHHHrHJTflHHH      OpTOn03HTpOHHH      BO 

BCTpenHbix (J)OTOHHbix nynicax 

'^ 
2 

^ 4 ; 
d\\f> =  —   W(

s
0)g(co-%l2(coM)l\2co-2k)dcoda, 

2'    v   '  7    v      '       ' (25) 

OTKyfla flJM CKOpOCTHOH  KOHCTaHTbl   X   HHflyiJHpOBaHHOH  aHHHrHJIflUHH  OpTOn03HTpOHHfl 

nojiynaeM cjieayiomee Bbipa>KeHHe 

4        /£   _     1 
X    7T(7T2 - 9) r0

2c2 (A^0AQ)" (26) 

OueHKa noporoBOH njioTHOCTH noTOKa (J)OTOHOB noAJKHraiomero nymca npHBOflHT K 

GH 



Iign> 
o-(N+ + N_)(// + 1)n1/2 

(27) N sx 

HTO aaer Hpe3BbinaHHO 6ojibinyio noporoByK) apicocTb  Iign/(Aö?0AH) = 1,5.10     CM' 

CTpafl"1 , aajieKO BbixoAflmyK) 3a npeaejibi BOSMOKHOCTCH coBpeivieHHbix HCTOHHHKOB 

H3JiyneHHH H aejiaiomyio no/pKHr HHÄyuHpOBaHHofi aHHHrmKmHH opTono3HTpoHira B 

HacTOHinee Bpeivw HepeanbHbiM. 

6. 3aKJiK)MeHMe 

npoBefleHHbiH aHariH3 pacKpbiBaer ocHOBHbie npeHMymecTBa H HeAOcraTKH Merofla 

BHeuiHero noflacHra BcrpenHbiMH ^OTOHHHMH nyMKaMH npouecca HHflyuHpoBaHHOH 

aHHHrHIWUHH aTOMOB no3HTpoHHJi: 

• ycraHaBjiHBaeTCH npHcymHH jiHiiib flByxKBaHTOBOMy CTHMyjiHpoBaHHOMy HcnycKamno 

BO BCTpenHbix nyHKax cneuHajibHbiH BHA ÄHHaMHHecKOH pacnpeaejieHHOH o6paraoH 

CBH3H 6e3 KaKHx-jiHÖo OTpaacaiomHx CTpyicryp. 

• HejIHHeHHOCTb 06paTH0H CBH3H C KOSCjxJmiJHeHTOM, nponopi^HOHajibHbiM 

HHTeHCHBHOCTH   nyHKa   4)OTOHOB,    BbI3bIBaeT   JiaBHH006pa3Hyi0   aHHHrHJMI^HK)   aTOMOB 

no3HTpoHHfl, conpoBOK^aiomyiocH H3JiyneHHeM rnraHTCKoro HMiryjibca raMMa KBaHTOB. 

• B03M0>KH0CTb       HCIIOJIb30BaHHJ!       peJIflTHBHCTCKHX       ItyHKOB       aTOMOB       n03HTpOHHH 

cymecTBeHHO CHH^caeT Tpe6oBaHHfl K HCTOHHHKy nojpcHraiomHx <})OTOHOB BcrpeHHoro 

HanpaBjieHH«. IIpH sHepraH axteicrpoHOB H no3HTpoHOB mc y « 260 MBB (y « 500 ) 

noporoBaa cneicrpajibHO-ynioBafl njiOTHOCTb noTOKa SHeprHH B iKWKuraioineM nyHKe 

cocTaBJiaer fljw napano3HTpoHHa BejiHHHHy 0,8.10 aB CM" crpafl" , nonaaaiomyio B 

AHana30H peHTreHOBCKHX jia3epoB. 

• CnoHTaHHbie (JJOTOHM,  HcnycKaeMbie B KaaqjOM aicre cnoHTaHHO-CTHMyjinpoBaHHOH 

H3JiyHaTejIbHOH aHHHrHJI»UHH aTOMOB n03HTpOHH5I, BbI3BaHHOH OflHHM TOJIbKO nepBbIM 

noA^cHraiomHM nyHKOM, H^eajibHO noaxoflHT /yra nocjie^yiomero yjacTHH B aicrax 

flByXKBaHTOBOH  CTHMyjIHpOBaHHO-CTHMyjIHpOBaHHOH  aHHHrHJiaUHH  H,   CJieAOBaTeJIbHO, 

Moryr HrpaTb pojib BToporo noAXHraiomero nyMKa. 

6^ 



•    OcymecTBjieHHK)   noAOÖHoro   npouecca   ceroAHfl   Meuiaer   OTcyrcTBHe   HCTOHHHKOB 

noA^cHraiomHX   raMMa   KBamroB   AOcraTOHHOH   HPKOCTH   (AJI*   opTono3HTpoHHJi)   H 

AOCTaTOHHOH       AJIHTejIbHOCTH       HMIiyjIbCa       (flJW       napaiI03HTpOHHfl)       H       n03TOMy 

npeHMymecTBa MeroAa BHemeHro noA>KHra HHAyuHpoBaHHoii aHHHrHjrauHH aTOMOB 

no3HTpoHmi MOiyr, no-BHAHMOMy ycneuiHO npoflBHTbca jiHinb B OKOHCHHOH CTyneHH 

HCTOHHHKa raMMa-KBaHTOB (HanpHiwep, noane peHTreHOBCKoro HJIH raMMa Jia3epa, 

pejwTHBHCTCKoro OHAyjiflTopa HJIH jia3epa Ha CBOÖOAHbix ajieicrpoHax H T. n.) juisi 

nojiyneHHH KpaTKOBpeMeHHoro HMnyjibca raMMa (})OTOHOB 3HanHTejibHOH IIHKOBOH 

aMnjiHTyAbi. 

Raima* pa6oTa BbinojiHeHa npn HacTHHHofi noAAepacice PoccHHCKoro OoHAa 

OyHAaMeHTajibHbix HccjieAOBaHHH (rpaHT }V° 96-02-17686a) H EOARD (npoeicrbi SPC-96- 

4032 H SPC-96-4033). 
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